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Chapter 1
Introduction
1.1 Motivation
Nanophotonics is facilitating the replacement of bulky optical components. Thin films can be
patterned to produce almost flat optics and has allowed for optical structures to be integrated
directly onto active devices, such as semiconductor lasers and diodes. These devices typically
suffer from large intrinsic beam divergence, caused by their small aperture size. This lessens
their effectiveness in some applications while ruling them out of being included in others. A
smaller divergence would be invaluable for many applications such as: facilitating coupling
of the laser output into optical fibers, waveguides, free space communications, ranging and
remote sensing. Using semiconductor lasers as a case study, a brief summary of research
efforts to reduce beam divergence is given below. These efforts metalise the dielectric facets
of the active devices. The motivation of this work is to present a way of achieving integrated
beam shaping structures while preserving the fully dielectric nature of the laser facet. This
will make devices more simple to fabricate and aid commercial viability.
1.1.1 Semiconductor lasers
Semiconductor lasers are key in the development of emerging fields such as quantum infor-
mation, medical imaging and 3D displays. They are also found at the heart of many common
commercial technologies such as the interface for optical fiber communications and in com-
pact disks (CDs). They are chosen above alternative light sources due to their simple construc-
tion, low power consumption and high efficiency. However they have two main drawbacks
which prevent their use in other technologies. Firstly they suffer from large beam divergence,
typically on the order of tens of degrees, this is caused by the small emission aperture [1].
Secondly, optical selection rules of the gain medium results in linearly polarized light along a
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single plane [77]. Many technologies require a range of polarisations, such as circular polari-
sation and linear polarisation along different directions. Divergent output beams are conven-
tionally collimated using external components such as lenses or curved mirrors. Polarisation
is also conventionally controlled externally with waveplates and polarising beam splitters. Ex-
ternal optics are bulky, can be expensive and not always readily available depending on the
wavelength of the optical source. They also usually require meticulous optical alignment. The
most effective way of minimizing the size and reduce the costs of optical components is to
integrate them with the optical device they were designed for, to achieve the desired beam
characteristics. There are many ways to approach this, for example tapered waveguides have
been used to reduce beam divergence in ridge-waveguides semiconductor lasers [52]. Another
solution would be increasing the effective emission area to reduce beam divergence, for ex-
ample vertical-cavity surface-emitting lasers (VCSELs) have a larger emission area compared
to edge-emitting semiconductor lasers, as such they typically have a smaller beam divergence,
around 10º [56]. While this is an improvement over edge emitting lasers, 10º is still too large
for many applications, which can require a beam divergence of less than 1º.
To achieve this further reduction in beam divergence, surface emitting structures have
been integrated onto various laser types. Initially 1D grating outcouplers were integrated onto
laser diodes to produce high directional beams [38]. These gratings were later applied to
quantum cascade lasers (QCLs) for both mid-infrared QCLs and terahertz QCLs [16, 32].
These successfully reduced the beam divergence greatly along a single plane. Later work
expanded this concept to two dimensions [51]. These were in the form of a 2D second order
grating integrated onto a ring QCL. Fabrication of this design is complex, however it did show
successfully collimation in two dimensions.
An alternative solution to surface emitting lasers are phase locked diode laser arrays, these
not only reduce beam divergence but also enhance output power. These have been demon-
strated for both 1D and 2D arrays with promising results [4, 68]. However they are more
complicated to design and fabricate than 2D surface emitting lasers and it is difficult to see
how these could be implemented onto viable commercial devices.
In recent years a favored method of integrated beam collimation has emerged, based on a
aperture-groove structure. This forms the basis on the work demonstrated in this thesis and
will be discussed below.
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1.2 A brief history of beaming light from a subwavelength
aperture
Light passing through an aperture has been studied for centuries. From classical diffraction
theory, if the aperture is much smaller than the wavelength of the light passing through it, then
the light emerging from the subwavelength aperture will diffract uniformly in all directions.
The result is very poor transmission [8]. This phenomenon effectively puts a lower limit on the
size of structures that can be used in photonics. However it has been shown by patterning the
exit side of a metallic subwavelength aperture, with a periodic groove structure, this limitation
can be overcome.
Lezec et al. [44] were the first to demonstrate that such a aperture-groove structure could
be employed to drastically reduce the divergence of the light exiting a subwavelength aperture.
They found that diffracted light was reduced from a classical half sphere diffraction pattern
(without grooves) to a beam with an angular divergence of just 3º (with grooves), representing
a ten fold boost in transmission. This result was found when the incident light was 580nm and
the total patterned area was less than one cubic micrometer. To produce a beam divergence
of 3º without the periodic groove structure, the aperture would be required to be ~5 microns.
This is a significant lowering of the size limit of photonic structures. The effectiveness of the
periodic groove structure is due to the excitation of surface waves called surface plasmons
(SPs). SPs are collective electron excitations (charge density waves) on metallic surfaces. The
underlining theory for SPs is discussed in detail in Chapter 2.
Following on from the concept demonstrated by Lezec et al, many experimental and the-
oretical studies on the plasmonic aperture-groove structure have been presented [5, 6, 25, 47,
78]. All showing that it is possible to create light sources with a high output power and small
divergent angles on the nanoscale. And highlighting potential applications ranging from near-
field scanning optical microscopy (NSOM) to free space communications. The next step in
this research was to show the plasmonic structure integrated on active devices. The active de-
vices chosen all suffered from a large intrinsic beam divergence due to transmission through
a subwavelength aperture. Guo et al. were one of the first to attempt such an integration,
patterning the front facet of a commercial edge emitting laser diode [29].
They first prepared the front facet by depositing a 300nm layer of SiO2/SiNx directly onto
it, before depositing the 100nm metallic (gold) layer. The metallic film could not be directly
deposited onto the front facet as the metal would connect the upper and bottom electrodes,
causing a short circuit. Despite the prevention of a direct short circuit by deposition of a
SiO2/SiNx layer, many diodes still fail because of cutting out resulting from the promixty of
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the upper electrode to the gold film. To overcome this, an insulating channel to separate the
upper electrode and gold film was etched. This increases the yield of the laser diode with a
gold film. A 300nm by 500nm rectangular aperture and four rings (width 200nm, depth 40nm
and period 380nm) were patterned into the gold layer with a focused ion beam (FIB). This
resulted in a 140% increase in output power (0.7mW to 1.7mW) over a normal small aperture
edge emitting laser diode.
This method of enhancement of light transmission through a subwavelength aperture was
replicated for a near infrared (850nm) light source by Gao et al. [24]. A nano-aperture
vertical-cavity surface-emitting laser array (NA-VCSL) was patterned with concentric peri-
odic grooves, demonstrating a far-field output enhancement from 0.18mW to 0.3mW (67%),
with a 9º beam divergence at 850nm. The facet was again prepared with the deposition of a
half-wavelength thick layer of dielectric ( 400nm layer of SiO2) to protect the P side of the
VCSEL but no insulating channel was required. The lower enhancement when compared with
the work done by Guo is largely caused by the diminishing effectiveness of SPs at longer
wavelengths.
This concept was extended into the infrared the following year by the Capasso group at
Harvard. They demonstrated plasmonic collimation in the mid-infrared by patterning a 9.9μm,
TE polarised, quantum cascade laser (QCL) [80]. The facet of the semiconductor laser source
was patterned with a metallic structure consisting of a sub-wavelength slit of 2μm width and
an adjacent one dimensional grating. The grooves had to be adjacent to the aperture rather than
surrounding due to the nature of the edge-emitting geometry. An edge emitting semiconductor
was chosen over a conventional surface emitting laser because many applications require an
edge rather than a surface emitting geometry. The measured beam divergence was reduced to
2.4º in the vertical direction and a high output power, comparable to unpatterned lasers was
demonstrated. All devices with this slit-grating structure show a 10-20% larger divergence
when measured, compared with simulations. This is thought to be caused by the sensitivity of
the slit-grating structure to wavelength change. For example a change of 0.1μm in wavelength
in the mid-infrared lead to a ~1º shift in position of the central lobe. Given that the light sources
used are multi-mode and in the case of the 9.9μm QCL has a bandwidth of 0.05-0.1μm, such a
change of divergence should be expected. Combining edge emitting in the mid-infrared with
no significant reduction in output power was a major step forward in the concept to application
path.
The group then extended this method by patterning a two dimensional plasmonic structure
onto the facet of a 8.06μm QCL to achieve a 2D collimation for a linearly polarised edge-
emitting semiconductor laser [79]. The 2D structure consisted of a subwavelength aperture
on the laser active region and an array of half rings centered on the aperture. The struc-
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ture returned a beam divergence of 2.7º in the perpendicular direction and 3.7º in the parallel
direction, this compared with beam divergences of the unpatterned devices of 74º and 42º
respectively. An output power of 53% compared to an unpatterned device was preserved.
In 2009 the group started to look at other integrated beam manipulating structures. Yu et al.
demonstrated plasmonic control of a semiconductor laser’s polarisation with a subwavelength-
aperture grooves structure [82]. Again a mid-infrared edge-emitting QCL was used as the
model device. QCLs are intrinsically transverse magnetically (TM) polarised, due to the op-
tical selection rules of the gain medium [77]. By patterning the facet with a 1D slit-groove
structure at an offset angle to the active region’s waveguide, output light can be linearly po-
larised at a different angle to an unpatterned QCL. The objective of producing linearly po-
larised light along other directions to an unpatterned QCL was achieved. The next objective
was to transform a linearly polarised laser into a circularly polarised device. This was at-
tempted by patterning the facet with two orthogonal 1D aperture-grating structures adjacent
to each other. The result was a superposition of linearly and right-circularly polarised light.
This could be first step towards a circularly polarised laser, if a way to suppress the linearly
polarized component can be found.
In summary the plasmonic approach to beaming has successfully demonstrated beam col-
limation of light exiting a subwavelength aperture, for visible and infrared light sources. The
potential to obtain other desirable beam properties with this approach such as different po-
larisations has also been shown. However for integration on active devices, depositing the
metallic surfaces to support SPs makes fabrication of such devices more difficult, more costly
and can be detrimental to the device’s functionality. An all-dielectric approach would simplify
fabrication and be more cost effective. Also given that SPs perform less optimally at longer
wavelengths where losses are high, the surface waves described in this thesis may provide a
viable alternative to the plasmonic approach at infrared wavelengths.
1.3 Contributions of this work
The results presented in thesis are among the first to demonstrate collimation of light exiting
a subwavelength aperture using a purely dielectric grating. Results have been published in
a conference paper (Frontiers in Optics 2016) and presented at frontiers in optics (FiO) in
Rochdale, USA [31]. Work is ongoing to publish the modelling results presented in Chapters
4 and 7. The original project for this thesis was to employ phase change materials to achieve
tunable beaming of infrared light. The phase change material chosen was GeTe, unfortunately
upon performing optical measurements on the device, it was clear the phase changing mechan-
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ics were poorly understood within our research group and it was decided to switch to studying
beaming of mid-IR light using quasicylindrical waves (QCWs) on dielectric interfaces.
1.4 Outline of Thesis
In this introduction motivation for this study has been identified. The applications and limita-
tions of semiconductor lasers have been stated and work done to tackle these limitations have
been summarised. The field of beam shaping has been introduced and key results in the area
of integrated beam collimation have been presented. Applications from this field of study have
been outlined and contributions of this work given.
Background theory behind the electromagnetic surface waves presented in this thesis is
outlined in Chapter 2. The surface plasmon polariton (SPP) is introduced alongside a brief
history of how the field of research developed. The SPP dispersion relation at a flat metallic-
dielectric interface is derived and key properties of the surface mode discussed. SPP coupling
geometries are presented and analysed. The latter half of the chapter focuses on the quasi-
cylindrical wave (QCW), starting with its discovery and the hybrid wave theory. A closed
form expression of the QCW is derived from a dipole line source radiating at a flat metallic-
dielectric interface. The QCW is compared to the SPP with key properties contrasted. Finally
isolated QCWs on fully dielectric interfaces are discussed.
The computation methods employed to model the photonic structures designed in this
thesis are identified in Chapter 3. The transfer matrix method (TMM) and finite difference
time domain method (FDTD) are described in detail. Explanations of how each method works
are given by deriving key electromagnetic relationships. Important components that are used
in the FDTD method are described, these are; boundary conditions, meshing, sources and far
field projections. How each component can be used to improve efficiency and accuracy of the
model are described. Lastly sources of error and the method, convergence, of how to identify
and reduce errors has are discussed.
Chapter 4 describes the design of a fully dielectric mid-infrared band pass filter using the
transfer matrix method (TMM). The design is then recreated in a 2D finite difference time
domain method (FDTD) model. A subwavelength aperture is then created in the filter and
near and far field results are illustrated. By applying a resonant nanograting to the exit side of
the filter the effect of quasicylindrical waves (QCWs) on the near and far fields are presented.
The nanograting design is then optimized and improvements to the full width half maximum
(FWHM) of the far field are shown. Finally the model is expanded into three dimensions and
the 2D results are successfully verified.
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Chapter 5 presents the fabrication processes used to pattern the photonic structures onto
a mid IR dielectric band pass filter. An overview on how a focused ion beam (FIB) works
is given alongside how it was utilized in the fabrication process. A fabrication method for
creation of a fully dielectric 1D QCW grating is outlined and fabrication results presented.
The measurement system is introduced and initial measurements of the device are presented.
In Chapter 6, optical measurements are presented on the patterned fully dielectric mid-
infrared band pass filter, which was designed and modelled in Chapter 4 and fabricated as
described in Chapter 5. Analysis is outlined on the far field radiation pattern produced by
the geometries designed in this thesis and flaws in the filter are highlighted. Solutions to
these problems are then presented and implemented on a second mid-infrared band pass filter
described at the end of the chapter.
Modelling of 2D and asymmetrical dielectric structures in FDTD are presented in Chapter
7. Analysis of the simulations including near and far field results are given. Fabrication of
the 2D and asymmetrical gratings are shown on a second dielectric band pass filter. Measure-
ment results and analysis are carried out on the second filter and key properties of QCWs are
discussed.
Finally, in Chapter 8, a brief summary of the results presented in this thesis is given and
conclusions from this work are drawn along with suggestions on future work to be carried out.

Chapter 2
Background Theory
2.1 Overview
This chapter will introduce the theory behind the electromagnetic surface waves discussed in
this thesis. The surface plasmon polariton (SPP) will be introduced with a brief history of how
the field developed. The SPP dispersion relation at a flat metallic-dielectric interface will be
derived and key properties of the surface mode will be discussed. SPP coupling geometries
will be presented and analysed. The latter half of this chapter will focus on the quasicylindrical
wave (QCW), starting with its discovery and the hybrid wave theory. A closed form expression
of the QCW will be derived from a dipole line source radiating at a flat metallic-dielectric
interface. The QCW will be compared to the SPP with key properties contrasted. Finally
isolated QCWs on fully dielectric interfaces will be discussed.
2.2 Surface Plasmon Polariton
For over a century there have been investigations into the interactions between metals and
electromagnetic radiation. The first observation of a surface plasmon polariton (SPP) was
made by Wood in 1902 [76]. When he shone polarized light onto a mirror with a diffraction
grating on its surface, Wood observed a pattern of anomalous dark and light bands in the
reflected light. Lord Rayleigh explained the observed dark bands as the wavelength of incident
light at which a diffracted light ray will, or cease, to propagate, in his theory of diffraction
gratings in 1907 [62]. This is referred to as the Rayleigh anomaly. The bright bands were not
explained until 1941 by Fano [17–19], who concluded that this reflectivity anomaly was the
result of interactions of light with a trapped surface wave, comprised in part by the metal’s
conduction electrons at the surface. By solving Maxwell’s equations, Fano found that such a
10 Background Theory
Figure 2.1: Incident TM polarized light on a metal-dielectric interface
wave could exist at an interface between a metal and a dielectric. It is worth noting that similar
work had been done by Zenneck [83] and Sommerfeld [70] on the transmission of radio waves
across large distances using trapped surface waves between seawater and air.
These waves have been extensively studied and are well understood. It is known that a
surface plasmon (SP) is a quantised longitudinal oscillation in the free electron gas of a metal,
confined at a metal dielectric interface [46, 61]. These oscillations can be coupled to incident
electromagnetic radiation, with transverse magnetic polarization, the resulting surface wave
is known as a surface plasmon polariton (SPP) and is a combination of the charge carrier
oscillation and the coupled electromagnetic radiation.
2.2.1 Dispersion Relation
By solving Maxwell’s equations for a transverse magnetic (TM) polarized electromagnetic
wave at a single interface between two materials of different permittivities, the dispersion re-
lation (relationship between energy and momentum) for an SPP can be obtained [61]. Figure
2.1 shows the most simple geometry capable of sustaining SPPs, the flat interface is between
a metallic layer and a dielectric layer, both have complex dielectric functions that are posi-
tive and the materials are assumed to be non-magnetic and semi-infinite. We will look for
propagating wave solutions confined to the interface. First consider the incident TM electro-
magnetic wave, with wavevector k⃗ = (kx,0,kz) and frequency ω, shown in Figure 2.1. The
electric and magnetic fields can be written as:
E⃗ = [Ex,0,Ez]exp(i(kxx+ kzz−ωt)) (2.1)
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H⃗ = [0,Hy,0]exp(i(kxx+ kzz−ωt)) (2.2)
Applying Maxwell’s equation in the absence of free charge (Ampere’s Law),
▽⃗× H⃗ = ε δ E⃗
δ t
(2.3)
gives,
HY =
εωEx
kz
=−εωEz
kx
(2.4)
By combining this with the electric (2.1) and magnetic fields (2.2), expressions for the
incident (2.5, 2.6), reflected (2.7, 2.8) and transmitted (2.9, 2.10) fields can be found:
E⃗+1 = E⃗
+
x1
[
1,0,−kx
kz
]
exp(i(kxx+ kzz−ωt)) (2.5)
H⃗+1 = E⃗
+
x1
[
0,+
ωεm
kz1
,0
]
exp(i(kxx+ kzz−ωt)) (2.6)
E⃗−1 = E⃗
−
x1
[
1,0,+
kx
kz
]
exp(i(kxx− kzz−ωt)) (2.7)
H⃗−1 = E⃗
−
x1
[
0,−ωεm
kz1
,0
]
exp(i(kxx+ kzz−ωt)) (2.8)
E⃗+2 = E⃗
+
x2
[
1,0,−kx
kz
]
exp(i(kxx+ kzz−ωt)) (2.9)
H⃗+2 = E⃗
+
x2
[
0,+
ωεd
kz2
,0
]
exp(i(kxx+ kzz−ωt)) (2.10)
The next step is the apply boundary conditions to the fields. The tangential components of
the electric and magnetic fields have to be continuous across the interface, i.e.
Ex1 = Ex2 (2.11)
and
Hy1 = Hy2 (2.12)
As the SPP is non-radiative the incident field (or reflected field) can be set to zero, applying
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this to (2.4) gives,
H⃗y =−E−x1
ωεm
kz1
=−E+x2
ωεd
kz2
(2.13)
where εm and εd are the dielectric functions of the metal and dielectric layers respectively.
This can then be applied to the expressions for the fields and simplified to,
εm
kz1
=− εd
kz2
(2.14)
Equation (2.14) is known as the existence condition for SPPs and shows that SPPs can
only exist at the interface between a positive permittivity material (dielectric) and a negative
permittivity material (metal). The surface is considered to be translationally invariant this
means that momentum is conserved in the plane of the surface i.e. kx1 = kx2 = kx. By applying
this to the condition that the electric and magnetic fields are continuous across the interface
(2.11 and 2.12), it can be shown that εk20 = k
2
x + k
2
z j, rearranging this gives:
kz j =
√
ε jk20− k2x (2.15)
where j is the medium that the field is propagating through. By substituting this into (2.14),
an expression for the SPP dispersion relation can be obtained,
kx =
ω
c
√
εmεd
εm+ εd
= kspp (2.16)
The SPP dispersion relation relates the angular frequency of the field (ω), to the wavevec-
tor along the surface (kx). The energy and momentum of the SPP is related to these quantities
by the reduced Planck’s constant (ћ). An example dispersion relation is shown in Figure 2.2.
In this figure the dispersion of a surface plasmon polariton on a flat interface between silver
and air is plotted along with a line representing a free space electromagnetic wave, called
the ’light-line’. The light line and the surface plasmon polariton dispersion line do not cross,
showing that there is no solution at which the energy and momentum of a free space electro-
magnetic wave and surface plasmon polariton are equal. From this we can conclude that for a
given frequency, light does not have sufficient momentum to match that of a surface plasmon
polariton therefore free space electromagnetic waves incident on a flat metal-air interface can-
not couple to a surface plasmon polariton. Methods of coupling to surface plasmon polaritons
will be discussed in 2.2.2.
As well as the momentum mismatch at a given frequency the dispersion relation can also
be used to show other properties of SPPs [5]. By substituting the complex forms of εm and
εdinto (2.16) the real and imaginary parts of the SPP dispersion relation can be found. The
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Figure 2.2: SPP Dispersion relation on a flat silver-air interface
imaginary part of the dispersion relation provides the exponential decay of the SPP as it travels
along the interface, given by;
Im(kx) =
ω
c
Im(εd)
2Re(εd)2
(
εmRe(εd)
εm+Re(εd)
) 3
2
(2.17)
The propagation length of the SPP along the surface is defined as the length at which the
field intensity drops to e−1 of it’s maximum value. Therefore the propagation length, Lx, is
given as,
Lx = λ0
Re(εd)2
2πIm(εd)
(
εm+Re(εd)
εmRe(εd)
) 3
2
(2.18)
To give some context, for the flat interface between silver and air using a HeNe laser source
(632nm), the propagation length is 42.6µm, which is sufficiently large enough to interact
strongly on diffraction gratings with submicron periodicity.
Investigating the fields normal to the surface, due to (2.15), wave vectors kzj must be purely
imaginary. Substituting an imaginary kzj into an expression for the electric field at the surface
gives;
E⃗ j =
[
Ex j,0,Ezl
]
ei(kxx−ωt)e−kz jz (2.19)
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Figure 2.3: Electric field vectors of an SPP at the interface between a metal and a dielectric
[3]
This describes an electric field that decays exponentially into the two surrounding media as
it travels along the surface, a schematic of this electric field is shown in Figure 2.3. A measure
of this decay is the penetration depth, Lz, which is the distance at which the field amplitude
has decreased to e−1 of it’s maximum value. The penetration depth is given by;
Lz = λ0
1
2π
√
Re(εd)
Re(ε j)2
(2.20)
Again using the example of the flat interface between silver and air and a HeNe laser
source, the penetration depth of the SPP into media is calculated to be 415nm into the air and
24nm into the metal.
2.2.2 Coupling to Surface Plasmons
As discussed above SPPs on a flat metal-dielectric interface cannot be directly excited by
incident light due to the momentum mismatch at a given energy. To overcome this mismatch
and allow coupling of light to SPPs different techniques have been employed, the three main
methods will discussed here.
Photons incident upon a flat metal-dielectric interface at an angle θ will have a wave vector
kx = ksinθ , which is always smaller than the SPP propagation constant, kSPP , preventing cou-
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Figure 2.4: Kretschmann configuration (a) and Otto configuration (b) [15]
pling. By using a three layer system, consisting of a metal film placed between two dielectric
layers with different refractive indices, the wave vector can be enhanced and coupling can be
achieved. The higher index dielectric is in the form of a prism, with air usually fulfilling the
role of a lower index dielectric. When the angle is sufficient, total internal reflection occurs at
the interface between the prism and metallic layer, this results in a evanescently decaying field
at the interface, decaying into the metallic layer. As there is no wavevector normal to the sur-
face, all the momentum must be in the in-plane direction, kx= k
√
εsinθ , where ε is the prism’s
dielectric constant. This is sufficient to excite SPPs at the interface, this coupling method is
known as attenuated total internal reflection. Two geometries for this coupling are possible, by
placing the metal film directly onto the prism’s surface, known as the Kretschmann configura-
tion [40, 41] (shown in figure 2.4) and with a small air gap between the prism and metal film,
know as the Otto configuration [58], (shown in figure 2.4). The Otto configuration is often
used in surface quality studies where direct contact with the metal surface is avoided [33].
Diffraction gratings with periodicity on the order of the wavelength of the incident light
can also be used to couple incident light to SPPs. By patterning a metallic surface with a
shallow grating of grooves, the incident light’s in-plane momentum can be modified, a one-
dimensional grating of grooves is shown in Figure 2.5. If the grating has a period of λg, its
corresponding wavevector is kg, when scattered, momentum can be added to the incident light
such that kscattered = k sinθ + nkg, where n is the integer number of grating vectors. If the
condition is met whereby kscattered = kSPP, light will couple to an SPP. This was the method
employed when Wood first observed an SPP in 1902 and variations of this have been widely
used. It is possible to replicate this method of coupling using a rough surface, the efficiency
is greatly reduced, as is the propagation length of the SPP, however this method is used in
surface enhanced Raman spectroscopy. A grating can also be used to reverse the process,
SPPs propagating along a surface with a grating can couple to light and radiate. By altering
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Figure 2.5: Schematic of light incident on a 1D diffraction grating
the geometry of the grating, the direction of radiation can be influenced, this method will be
addressed later in this chapter.
The final method of coupling to SPPs is to scatter the incoming light at a single point,
known as scattering centres. This point can be an aperture or edge. When light is incident
on the aperture or edge, it will scatter in many different directions, some of the scattered light
will have a wave vector such that kscattered = kSPP allowing coupling to the surface mode.
This method is inefficient when compared to grating or prism coupling, where nearly 100%
coupling can be achieved. However this is a highly flexible method and it is possible to achieve
broadband SPP coupling. A single subwavelength aperture, which is studied in Chapter 4, can
exhibit high levels of transmission at optical frequencies. Transmission through the aperture
is enabled by surface modes propagating along the sidewalls, as shown in Figure 2.6. Incident
light scattering at the entrance to the aperture with wavevectors kscattered = kSPP couple to the
surface modes, which then propagate along the sidewalls of the aperture. Upon reaching the
exit of the aperture, the surface modes will scatter, couple to light and reradiate [26].
2.2.3 Extraordinary Optical Transmission
In 1998, enhanced transmission of light through an array of cylindrical subwavelength holes
in a silver thin film was observed by Ebbesen et al [13]. This study preceded the work done
on the simpler isolated subwavelength slit structures and concluded that the Extraordinary
Optical Transmission (EOT) at particular wavelengths was the result of the excitation of SPPs
on the periodically patterned metal film. However the SPP model did not fully support the
experimental results and as such the underlying mechanisms that cause EOT have been the
subject of considerable debate.
In 2006, there were two papers published in Nature Physics that attempted to explain the
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Figure 2.6: SPP propagation on the sidewalls of a subwavelength aperture
same EOT observations with two differing theories. They studied the transmission through
a subwavelength aperture assisted by a single groove, this simple geometry was chosen to
address the fundamentals of the near-field interaction, through far-field measurements and
is shown in the insert of Figure 2.7. Gay et al [27] proposed a new type of surface wave,
known as composite diffraction of surface evanescent waves (CDEW) to displace the ex-
isting SPP based interaction model. This was done because when d, the distance between
the aperture and groove, is small, the existing SPP based model did not match the experi-
mental data. The surface wave excited by the groove is called the CDEW and has the form
Hz(y) ∝ (κ/y+ µ)cos(ksur fU +φ). In response to this paper Lalanne et al [42] showed that
the SPP interaction was indeed responsible for the EOT but while it was the dominant surface
wave, it was supplemented by an additional near-field wave. This residual near-field wave is
known as the quasicylindrical wave (QCW) and provided good agreement between model and
experiment for small values of d, as shown in Figure 2.7. It was also shown that the CDEW
model fails at predicting the oscillation or phase of the scattered field for small groove widths.
2.3 Quasicylindrical waves (QCWs)
QCWs are a superposition of evanescent and radiative components. A closed form expression
for the QCW fields can be derived and from this important properties of QCWs such as decay
rates and field characteristics can be presented. The following is adapted from P. Lalanne’s
work [43]. We start by considering a flat metallic-dielectric interface along the x axis (y=0), as
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Figure 2.7: The transmission through the subwavelength metallic slit accompanied by a
groove. Experimental data (blue circles), CDEW model (solid blue line), fully vectorial
method model (solid black line) and surface plasmon mode model (red dots). The Insert is
the geometry of the structure. [42]
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Figure 2.8: Schematic of a line source situated at x=y=0 on a metal-dielectric interface [43]
shown in Figure 2.8. The materials are considered to be nonmagnetic and semi infinite, with
permittivities εm (metal) and εd (dielectric). A transverse magnetic (TM) polarized dipole line
source is situated at x=y=0. The electromagnetic field of the infinitely small dipole can be
described by the following equations;
∇× E⃗ = ikH⃗+HSz z⃗δ (x,y) (2.21)
∇× H⃗ = ikε (⃗r)E⃗+(ESx x⃗+ESy y⃗)δ (x,y) (2.22)
Where δ (x,y) is the 2D Dirac distribution and S represents the source currents. Note
ε (⃗r) = εm below the x axis and ε (⃗r) = εd above the x axis. (2.21) and (2.22) can be rewritten
in the form;
δHz
δy
= ikεEx+ESx δ (x,y) (2.23)
−δHz
δx
=−ikεEy+ESy δ (x,y) (2.24)
δEy
δx
− δEx
δy
= ikHz+HSz δ (x,y) (2.25)
This allows us to take advantage of the translational invariance in the x direction and use
the inverse Fourier transform, Hz =
∫
Hˆz (u,y)exp(ikux)du. With the 2D Dirac distribution
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δ (x,y) = k2π
∫
δ (y)exp(ikux)du. The electromagnetic field can then be written as;
Eˆy =
u
ε
Hˆz+
i
2πεS
ESy δ (y) (2.26)
δ Hˆz
δy
=−ikεEˆx+ k2πE
S
x δ (y) (2.27)
δ Eˆx
δy
= ik
(
ε−u2) Hˆz− k2π (HSz − uεSESy )δ (y) (2.28)
We can then perform the inverse Fourier transform to obtain a contour integral, known as
a Sommerfeld integral;
[Hz,Ex,Ey] =
∫ ∞
−∞
f (y,u)exp(ρh)du (2.29)
Where the function when y> 0 (in the dielectric) is;
f (y,u) =
ik
2π
exp(+ikχdy0)
χd
εd +
χm
εm
(
HSz +
χm
εm
ESx −
u
εS
ESy
)[
1,
−χd
εd
,
u
εd
]
(2.30)
With;
h= ik (usin(ϕ)+χd cos(ϕ)) (2.31)
And for y< 0 (in the metal) is;
f (y,u) =
ik
2π
exp(+ikχdy0)
χd
εd +
χm
εm
(
HSz −
χd
εd
ESx −
u
εS
ESy
)[
1,
χm
εm
,
u
εm
]
(2.32)
With;
h= ik (usin(ϕ)−χm cos(ϕ)) (2.33)
Where εS = εm if the source is in the metal and εS = εd if the source is in the dielectric.
We define χd =
√
εd−u2 and χm =
√
εm−u2. The complete calculation of (2.29) is difficult
as at large values of ρ the function becomes rapidly oscillating. To reduce the impact of these
oscillations, the contour of integration can be deformed to take the steepest descent path. The
steepest path occurs when the imaginary part of h (2.31 and 2.33) is constant, i.e. dhdu = 0.
The integration path along the complex space of u is shown in Figure 2.9, branch cuts, shown
with green and red vertical lines, are chosen to give the root functions χm and χd single values
and the black star is a pole and represents the SPP contribution to the radiated field. Using
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Figure 2.9: The contour in the complex plane for calculating the integral of equation (2.34).
The black star indicates the pole, the green and red lines indicate branches of the integrand.
[43]
Cauchy’s integral formula we can obtain expressions for the SPP (pole) and QCW (branch
cuts) contributions;
[Hz,Ex,Ey] =Φ+SPP+Φ
+
QCW (2.34)
The contribution of SPPs are well understood and have already been covered in this chap-
ter. The contribution of the QCW will be studied further, the approximate expression devel-
oped is accurate for x ≻ λ and near the metallic surface (y≺ λ ). By approximating the field
radiated by the line source (Ψ(x,y) = [Hz,Ex,Ey] ) into a sum of SPP and QCW waves, which
are launched in opposite directions, the field can be written as;
Ψ(x,y) =
[
α+Ψ+SPP(x,y)+α
−Ψ−QCW (x,y)
]
+
[
β+Ψ+QCW (x,y)+β
−Ψ−SPP(x,y)
]
(2.35)
Where Ψ±SPP (x,y) =
[
H±z,SPP,E
±
x,SPP,E
±
y,SPP
]
are the normalized SPP modes and α± are
the SPP excitation coefficients. SimilarlyΨ±QCW (x,y) =
[
H±zQCW ,E
±
x,QCW ,E
±
y,QCW
]
are the nor-
malized QCWs with β± representing the QCW excitation coefficients. Focusing on the QCW
contribution, the normalized QCW wave can be written as;
Ψ±QCW (x,y)≃
W (2πγ|x|/λ )
W (2πγ)
(λ/|x|) 32 Ψ±0 (x,y) (2.36)
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Figure 2.10: Plot of |W (t)|t√t as a function of t real. Shows two damping regimes, initial damping
is t−
1
2 before transitioning to t−
3
2 , where t is a complex variable. [43]
With;
γ = nSPP−nd =
−n3d(
εd+ εm+
n3m
χSPPm
) (2.37)
W(t) is the complementary error function and describes the envelope of the QCW, impor-
tantly it governs the decaying rate, Figure 2.10 shows this decay rate, |W (t)|t√t is plotted as a
function of t real, where t is complex variable. W(t) resembles the amplitude of the magnetic
field and t, the distance from the line source.The figure shows two distinct damping regimes,
the initial damping rate is t−
1
2 , before transitioning to an asymptotic damping rate of t−
3
2 , in-
terestingly this second decaying regime is similar to Norton waves found in long distance radio
transmissions studies [10]. The transition occurs at 4πt = 1. The vectors Ψ±0 (x,y) provide the
vector field pattern of the QCWs, for y≻ 0 the vector is;
Ψ±0 (x,y) = exp(±ikndx)
1− iky(εd χ0mεm
)
,
χ0m
εm
,±
(
1− iky
(
εd
χ0m
εm
))
nd
 (2.38)
And for y≺ 0;
Ψ±0 (x,y) = exp(±ikndx)exp
(−ikχ0my)[1, χ0mεm ,±indεm
]
(2.39)
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Figure 2.11: Electromagnetic fields generated by a TM polarized line source, polarized along
the x-direction and located just above the metal surface at x=y=0. Total magnetic field (A),
SPP contribution to magnetic field (B), QCW contribution to magnetic field (C) and the QCW
electric field contribution polarized in x direction (D) and y direction (E). [43]
From this we can interpret that the QCW is a product of the asymptotic and small angle
field by an envelope function. The final expression is the QCW excitation coefficient, giving
the QCW generation at a distance of one wavelength from the indentation;
β± = k
ε2m
√
ind
εd (εe− εm)
W (2πγ)
4π2
[
HS+
χ0m
εm
ESx ∓
nd
εS
ESy
]
(2.40)
By numerically solving (2.34), the exact solution can be obtained, this solution is shown
in Figure 2.11. It vividly displays the cylindrical nature of the QCW, contrasted against the
SPP mode and shows the significant contribution QCWs have to the shape of the total field,
especially at distances of a few wavelengths. With the analysis complete we can conclude that
QCWs are a superposition of evanescent and radiative components and that its field persists
over a distance of a few wavelengths on the surface, at significant intensities. This is crucial
because it means QCWs can be employed to play significant roles in compact optical devices.
However the QCW attenuation rate is much faster than the characteristic damping of the SPP
mode, meaning that SPPs dominate at metal-dielectric interfaces at distances of more than the
incident wavelength. It is also understandable how EOT resulted in the discovery of QCWs as
in EOT both decay regimes are present, due to the periodicity of the hole arrays.
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Figure 2.12: Decay characteristics of the field components of the waves launched at; a silicon-
air interface (a) and gold-air interface (b). [23]
2.3.1 QCWs in Dielectric
In 2011, Choon How Gan et al [23] experimentally demonstrated that QCWs can be supported
on dielectric interfaces. A silicon-air interface, with a subwavelength indentation, was illumi-
nated by a laser diode at a TM polarized wavelength of 975nm and the near-field was probed
with a fluorescent glass nano particle. The resultant surface wave resembled the QCW, with its
characteristic electromagnetic field profile and two distinct decay regimes, initially decaying
at x−
1
2 before transitioning to a decay rate of x−
3
2 at larger distances, as shown in Figure 2.12.
This confirmed Lalanne’s theory that QCWs can exist in the absence of SPPs, on dielectric
interfaces or on perfectly electrically conducting (PEC) interfaces. This leads onto the ques-
tion addressed in this thesis, can QCWs be employed on a fully dielectric interface to achieve
beaming of infrared light in the absence of SPPs?
2.4 Summary
In this Chapter, the surface plasmon polariton (SPP) was introduced with a brief history of how
this field of research has developed. The SPP dispersion relation at a flat metallic-dielectric
interface was derived and key properties of the surface mode was discussed. The geometries
capable of supporting SPPs were presented and explained. The quasicylindrical wave (QCW)
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was introduced starting with how it was discovered and the hybrid wave model. A closed
form expression of the QCW was derived from a dipole line source radiating at a flat metallic-
dielectric interface. Key properties of the QCW was described and contrasted against the SPP.
Finally isolated QCWs on fully dielectric interfaces were discussed.

Chapter 3
Photonic modelling methods
3.1 Overview
To optimize the design of photonic structures covered in this thesis, computational modelling
is employed. Traditionally there are two main methods of optimization; iterative fabrication
and theoretical modelling. Aided by recent advances in computing, computation modelling
has become the main optimization method chosen, being both faster and more cost effect
than the experimental equivalent. However regardless of which modelling method is chosen,
models are approximations and should be verified with experiment. Every modelled structure
described in this thesis is fabricated and experimentally measured. The modelling considered
in this thesis is based on classical electrodynamics [48], with the smallest structures studied
being tens of nanometers, this branch of theoretical physics is sufficiently accurate to describe
interactions at these length scales where quantum mechanical effects, as described by quantum
electrodynamics, are negligible. In this chapter the two main modelling methods used in this
thesis are described in detail, these are the Transfer Matrix Method (TMM) and the Finite
Difference Time Domain method (FDTD).
3.2 Transfer matrix method
The transfer-matrix method (TMM) is used in this thesis to optimize the reflection of dielectric
stacks at specific wavelengths, more generally the TMM is used to analyse the propagation of
electromagnetic waves through a multilayered one dimensional medium [53, 54]. Consider an
arbitrary multilayered structure, consisting of layers of isotropic material, as shown in Figure
3.1. Light is partially reflected and partially transmitted at each interface, depending on the
thickness of each layer and the wavelength of incident light, these reflections can construc-
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Figure 3.1: A 1D photonic crystal consisting of alternate layers of dielectric
tively or destructively interfere. The overall reflection of the structure can be seen as the sum
of an infinite number of reflections. The continuity condition for the electric field across an
interface from one layer to the next means that if the field is known at the start of a layer, then
the field at the end of that layer can be derived. Using the continuity condition, the multilay-
ered structure can be represented by a system matrix made up of individual layer matrices and
this system matrix is called the transfer matrix.
Considering the multilayered structure, with layers of isotropic material stacked in the z-
direction and light incident normal to the layers, as shown in Figure 3.1. The electromagnetic
field can be broken down into the two polarizations; transverse electric polarization (TE) and
transverse magnetic polarization (TM) . For TE polarization the electric field vector is E⃗ =
(0,Ey,0) and the magnetic field vector is H⃗ = (Hx,0,Hz). The y component of the wavevector
can be set to zero without loss of generality and the field can be taken to have harmonic time
dependence exp(−iωt). The field parallel to the structure is exp(−ikxx), where kx is the same
for all layers. Maxwell’s equations can then be reduced to the Helmholtz equation for the
spatial dependence of the electric field Ey in each layer and can be written as;
∂ 2Ey
δ z2
+ k2zEy = 0 (3.1)
where k2z = ε(wc )
2− k2x , with ε being the dielectric permittivity of the layer. A general
solution of equation (3.1) is;
Ey = Aexp(ikzz)+Bexp(−ikzz) (3.2)
where A and B are the amplitudes of the forward and backwards propagating waves respec-
tively. The original TMM considered all waves to be forward propagating, this treatment leads
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decaying fields associated with backward propagating waves (waves reflected at the interfaces
between layers) to become exponentially growing fields, leading to numerical instability [75].
In homogeneous medium, the amplitudes at the start of a layer in the plane z = z0 can be
defined as (A0,B0) and at the end of that layer in the plane z = z1 can be defined as (A1,B1).
The relationship between the amplitudes at the two positions is A1 = A0exp[ikz (z1− z0)] and
B1 = B0exp[−ikz (z1− z0)] and can be written in matrix form;(
A1
B1
)
= Pˆ
(
A0
B0
)
; Pˆ=
(
eikzd 0
0 e−ikzd
)
(3.3)
where d = z1−z0 and Pˆ is the transfer (propagation) matrix, expressed in terms of forward
and backward propagating waves. It is also possible to express this in terms of tangential field
components Ey and Hx. Following on from equation (3.1) the tangential components Ey and
Hx can be written as;
Ey = Aexp(ikzz)+Bexp(−ikzz) (3.4)
Hx =
kz
k0
[−Aexp(ikzz)+Bexp(−ikzz)] (3.5)
where k0 = ω/c. Expressing in matrix form this becomes;(
Ey
Hx
)
= Wˆ
(
A
B
)
; Wˆ =
(
1 1
− kzk0
kz
k0
)
(3.6)
The transfer matrix Tˆ expressed in terms of tangential field components is given by Tˆ =
Wˆ Pˆ ˆW−1. The relationship between the tangential field components at different points, z= z0
and z= z1 in homogeneous medium is;(
Ey1
Hx1
)
= Tˆ
(
Ey0
Hx0
)
(3.7)
where the transfer matrix, Tˆ , is given by;
Tˆ =
 cos(kzd) i(k0kz)sin(kzd)
i
(
kz
k0
)
sin(kzd) cos(kzd)
 (3.8)
Extending the problem across the interface between two layers with dielectric permittivi-
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ties ε1and ε2, the transfer matrix Mˆ uses the continuity condition and can be written as;
Mˆ = Wˆ1
ˆW−12 =
kz2
2kz1
(
1+ kz1kz2 1−
kz1
kz2
1− kz1kz2 1+
kz1
kz2
)
(3.9)
The corresponding layer and interface transfer matrices for TM polarization can be derived
in a similar fashion and result in;
Tˆ =
(
cos(kzd)
ikz
εk0 sin(kzd)
iεk0
kz
sin(kzd) cos(kzd)
)
(3.10)
Mˆ =
ε1kz2
2ε2kz1
(
1+ ε2kz1ε1kz2 1−
ε2kz1
ε1kz2
1− ε2kz1ε1kz2 1+
ε2kz1
ε1kz2
)
(3.11)
By forming the product of appropriate layer and interface transfer matrices, a transfer
matrix for any arbitrary multilayered structure can be obtained. Once the transfer matrix of
the arbitrary structure is obtained, the structure’s transmission and reflection coefficients can
be calculated. With the assumption that the amplitude of the incident light is unity, it can be
written; (
t
0
)
= Fˆ
(
1
r
)
(3.12)
where Fˆ is the transfer matrix. t and r are the transmission and reflection coefficients
respectively and can be expressed as;
t =
1
Mˆ22
; r =−Mˆ21
Mˆ22
(3.13)
Using these transmission and reflection coefficients the reflectance and transmittance of a
multilayered structure can be found. It is possible to describe a 3D device in 1D for initial
simulations before verifying in 3D, to simplify the optimization process. In this work the
TMM is used to optimize the reflectance of a dielectric stack. Code to perform the TMM was
written in MATLAB. Once optimized the structure’s reflectance is then verified in Lumerical
FDTD, in both 2 and 3 dimensions.
3.3 Finite difference time domain method
Finite Difference Time Domain method (FDTD) is a modelling method developed by Kane
S. Yee in 1966, that simulates the propagation of electric and magnetic fields [37]. Using
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central finite difference approximations in the time and spatial domains, direct solutions of
Maxwell’s time-dependent curl equations are obtained. The biggest advantage of using FDTD
is that a broadband source can be used and the response of the system to this source over a
wide range of frequencies can be obtained in a single simulation[72]. The underlying theory
of this method and identification of key features is given below.
To gain a better understanding of the Finite Difference Time Domain (FDTD) method the
name can be broken down into two parts. ’Finite Difference’ and ’Time Domain’. Finite
difference is a numerical method, the finite difference method (FDM), whereby differential
equations are solved by approximating them with difference equations, in which finite differ-
ence approximate the derivatives[66, 71]. FDM is the basic principle behind FDTD. To clarify
this description, the increment of a function f (x) at a point, x0 is defined as;
∆ f (x0) = f (x0+∆x)− f (x0) (3.14)
The slope of the function f (x) with respect to x is known as the difference quotient and
can be written as;
∆ f (x0)
∆x
=
f (x0+∆x)− f (x0)
∆x
(3.15)
As ∆x approaches zero, the derivative of f (x) with respect to x can be expressed as;
f ′(x0) = lim
∆x→0
∆ f (x0)
∆x
= lim
∆x→0
f (x0+∆x)− f (x0)
∆x
(3.16)
Therefore the derivative of a function can be approximated by its difference quotient when
∆x is very small. There are three ways of approximating the first order derivative, the forward
(3.17), backwards (3.18) and central difference (3.19) method, these can be expressed as;
f ′(x0)≈ f (x0+∆x)− f (x0)∆x (3.17)
f ′(x0)≈ f (x0)− f (x0−∆x)∆x (3.18)
f ′(x0)≈
f (x0+ ∆x2 )− f (x0− ∆x2 )
∆x
(3.19)
The FDTD method uses the second order central difference method applied to Maxwell’s
curl equations in the time and space domains. Maxwell’s time dependent equations are a set of
partial differential equations that form the foundation of classical electrodynamics. They de-
scribe electromagnetic wave propagation and are made up of Faraday’s Law (3.20), Ampere’s
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Law (3.21), Gauss’s Law (3.22) and Gauss’s Magnetism Law (3.23). In an isotropic, linear
medium, Maxwell’s equations are as follows;
∇× E⃗ =−δ B⃗
δ t
(3.20)
∇× H⃗ = J⃗+ δ D⃗
δ t
(3.21)
∇ · D⃗= ρ (3.22)
∇ · B⃗= 0 (3.23)
Where;
E⃗: electric field
B⃗: magnetic flux density
H⃗: magnetic field
J⃗: electric current density
D⃗: electric flux density
ρ: electric charge density
(3.20) and (3.21) are commonly referred to as the ’curl equations’. Faraday’s Law de-
scribes how the electric field circulates around time varying magnetic fields and Ampere’s law
describes how the magnetic field circulates around time varying electric fields and electric cur-
rents. For isotropic, non-dispersive materials, the electric flux density is related to the electric
field by;
D⃗= εE⃗ = εrε0E⃗ (3.24)
And the magnetic flux density relation to the magnetic field is given by;
B⃗= µH⃗ = µrµ0H⃗ (3.25)
Where;
ε: electrical permittivity
εr: relative electrical permittivity
ε0: permittivity of free space
µ: magnetic permeability
µr: relative magnetic permeability
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µ0: permeability of free space
J⃗, the electric current density can act as an independent electric field energy source, J⃗source,
allowing for attenuation of the electric field by the isotopic non dispersive materials. This
attenuation is the conversion of electric field energy to heat energy and can be written as;
J⃗ = J⃗source+σ E⃗ (3.26)
Where σ is the electrical conductivity. By introducing an equivalent magnetic current
density term, M⃗, to Faraday’s Law, an independent source for the magnetic field energy can
be introduced and magnetic losses can be described. Faraday’s Law becomes;
∇× E⃗+ M⃗ =−δ B⃗
δ t
(3.27)
And conversion of magnetic field energy to heat energy can be written as;
M⃗ = M⃗source+σMH⃗ (3.28)
Where σM is the equivalent magnetic loss. (3.25) and (3.28) can then be substituted into
Faraday’s Law (3.27). Similarly (3.24) and (3.26) can be substituted into Ampere’s Law (3.21)
to give the ’curl equations’ in isotropic, non-dispersive and lossy materials;
δ H⃗
δ t
=− 1
µ
∇× E⃗− 1
µ
(
M⃗source+σMH⃗
)
(3.29)
δ E⃗
δ t
=−1
ε
∇× H⃗− 1
ε
(
J⃗source+σ E⃗
)
(3.30)
In order to compute solutions of these ’curl equations’ they need to be in vectorial form.
Vector components of the ’curl equations’ in Cartesian coordinates can be written as a system
of six coupled partial differential equations in the form;
δHx
δ t
=− 1
µ
[
δEy
δ z
− δEz
δy
(
M⃗source+σMHx
)]
(3.31)
δHy
δ t
=− 1
µ
[
δEz
δx
− δEx
δ z
(
M⃗source+σMHy
)]
(3.32)
δHz
δ t
=− 1
µ
[
δEx
δy
− δEy
δx
(
M⃗source+σMHz
)]
(3.33)
δEx
δ t
=−1
ε
[
δHz
δy
− δHy
δ z
(
J⃗source+σEx
)]
(3.34)
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δEy
δ t
=−1
ε
[
δHx
δ z
− δHz
δx
(
J⃗source+σEy
)]
(3.35)
δEz
δ t
=−1
ε
[
δHx
δx
− δHx
δy
(
J⃗source+σEz
)]
(3.36)
The vectorial form of the ’curl equations’ (3.31-3.36) are the basis of the FDTD numeri-
cal algorithm and describes the interactions of electromagnetic waves with three-dimensional
arbitrary structures.
3.3.1 The Yee Cell
The FDTD method provides discrete ’curl equations’ in both time and space. The computa-
tion space is divided into a lattice of small cells, known as ’Yee cells’. A Yee unit cell in 3D
FDTD space is shown in Figure 3.2, it can be seen that the unit cell is configured to ensure
every electric field component is surrounded by four circulating magnetic field components
and every magnetic field component is surrounded by four circulating electric field compo-
nents. The field at each grid point at each time step is calculated by using the relation between
the neighbouring cells. Applying central finite difference approximations to time and space
derivatives of equations (3.31-3.36) explicit Yee FDTD equations are obtained. These equa-
tions are numerically solved in a leapfrog method, only the electric field components will be
solved for one time step, then only the magnetic field components in the next time step. The
leapfrogging continues until the specified number of iterations is met.
3.3.2 Boundary Conditions
The Yee algorithm does not explicitly contain any boundary information. Computers cannot
store unlimited amounts of information so boundaries are a necessity. With the electric and
magnetic fields calculated using information from their surrounding neighbours, a problem
will occur at the boundaries, where field values outside the simulation region will be required
to calculate field values inside the region. Without boundary conditions the FDTD method
cannot solve problems practically. Typically the simulation region should be large enough
to enclose the specified structure and boundary conditions applied to the region perimeters to
simulate extension to infinity. Boundary conditions must suppress false reflections of outgoing
waves for the FDTD solution to be valid at all time steps. Boundary conditions used in this
work are called perfectly match layers (PMLs), these absorb electromagnetic waves incident
upon them and are essentially reflectionless when the appropriate layers are chosen. PML is
an absorbing boundary condition (ABC) developed by Berenger in 1994 [7, 9, 73]. The PML
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Figure 3.2: A schematic of the Yee unit cell, with the positions of the electric and magnetic
field components
is an artificial anisotropic material that can be perfectly matched to free space for all incident
angles and frequencies, one requirement of an PML is that the interface is an infinite plane.
3.3.3 Adaptive meshing
With a finite simulation region defined and appropriate boundary conditions applied, consid-
eration is required on the distance between points at which the electric and magnetic fields are
sampled, i.e. the size of the Yee cell. This is commonly referred to as the mesh. For numerical
stability and accuracy at least 15 mesh cells per wavelength are needed. Using smaller mesh
allows for more accurate representation of the structure that is being simulated however as
the mesh becomes smaller the memory requirements and thus the simulations times increase.
This leads to a trade off between accuracy (mesh coarseness) and simulation time. An added
complication comes when non-rectangular structures are simulated, the Cartesian style mesh,
as shown in Figure 3.3, means a round surface is approximated to a staircase grid. To optimize
accuracy and simulation times, mesh is applied non-uniformly to a simulation region. Smaller
mesh should be applied to regions of higher refractive index to maintain the number of mesh
points per wavelength and in highly absorbing materials, to resolve penetration depths. Near
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Figure 3.3: The grid (staircase) approximation of a circle in the FDTD simulation region. The
2D FDTD grid is made up of finite rectangular cells, a round surface (left) gets approximated
to a staircase of rectangles (right), the smaller the mesh the better the approximation.
the surface of complex structures, where the fields are rapidly changing, smaller meshes are
required for accurate results.
3.3.4 Sources
To observe the electromagnetic response in a simulation region, energy needs to be added to
the system. From the vectorial form of the ’curl equations’ (3.31-3.36), electric (J⃗source) and
magnetic (M⃗source) sources are allowed. Many different types of sources can be chosen, with
full control over spatial and temporal extents. The choice of point sources such as dipole
sources are available, as well as regional sources such as total field, scattered field (TFSF).
The source types used in this thesis are directional, such as plane waves and Gaussian beam
sources. Plane waves are used to inject laterally uniform electromagnetic energy from one side
of the region source, in 2D simulations the energy is injected along a line and in 3D simula-
tions the energy is directed along a plane. Gaussian beam sources are better approximations to
sources used in experiment. The Gaussian source defines a beam of electromagnetic radiation
propagating in a specific direction. Its amplitude is a defined Gaussian cross section of a spec-
ified width, as shown in Figure 3.4. Highly focused Gaussian sources can also be modelled by
using a thin lens source that injects a fully vectorial beam.
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Figure 3.4: An unfocused Gaussian source propagating in the position x direction, a view from
the Lumerical FDTD simulation region.
3.3.5 Far field Projections
Extending the simulation region to the far field is not practical due to the extremely large
memory requirements, instead near field data is obtained from the simulation and used to
calculate a far field projection as a post processing step. Far field projections can be seen
as a decomposition of the near field data using a set of plane waves propagating at different
angles and can be used to calculate the electromagnetic field anywhere in the intermediate
and far field regions. For the far field projection to be valid electromagnetic fields must be
known everywhere on a plane or closed surface made up of a single homogeneous medium,
this medium must extend out to infinity with no additional structures beyond this plane. Far
field projections are key to work done in this thesis as far field radiation patterns are studied
for evidence of beaming. The near field data used is typically taken a wavelength’s distance
above the grating structure patterned on the exit of a subwavelength aperture.
3.3.6 Convergence
The accuracy of a simulation is determined by the model’s convergence, the goal is to provide
a self consistent model. Convergence can be used to determine the possible sources of error
in a simulation, in FDTD simulations the main sources of error that have to be considered are
from PML, mesh and dispersive material fit. The method of convergence is to vary a certain
parameter until the results stop changing. If the PML is too close to a structure and the evanes-
cent fields contact the PML, the resonance frequency will be altered, so the PML’s proximity
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should be altered and convergence of the simulation tested. Similarly any reflections from the
PML will interfere with the source or scattered fields, PML is not completely reflectionless but
the number of layers can be increased to minimize reflections. Convergence on the number of
layers should be investigated. As discussed in section 3.3.3 the staircasing effect of the grid
approximating structures is a source of error, while decreasing the mesh size reduces this error,
there will always be a geometric error for a finite size mesh, testing convergence by decreasing
the mesh size will help determine an acceptable level of error. The final source of error to be
looked at is dispersive material fit, in FDTD it is not possible to use the dispersive refractive
index as a function of wavelength directly. Instead the dispersive material properties are fitted
to models that can be solved efficiently in the time domain, there is an error associated with
this fit. By using different sources of dispersive refractive index of a material, such as Palik,
CRC and Johnson and Christy, convergence can be investigated [14, 36, 59]. However fabrica-
tion precision should be taken into account, for example in FDTD you can define structures to
1nm precision but using the fabrication precision could be 10nm, it is unnecessary to achieve
much higher precision in the simulation if it is being used to model experimental data.
3.4 Summary
In this chapter the computation methods employed to model the photonic structures designed
in this thesis have been identified. The transfer matrix method (TMM) and finite difference
time domain method (FDTD) have been described in detail. Explanations of how each method
works are given by deriving key electromagnetic relationships. Important components that are
used in the FDTD method are described, these are; boundary conditions, meshing, sources and
far field projections. How each component can be used to improve efficiency and accuracy of
the model have been described. Lastly sources of error and the method, convergence, of how
to identify and reduce errors has been discussed.
Chapter 4
Device Design and Modelling Results
4.1 Overview
This chapter describes the design of a fully dielectric mid infrared band pass filter using the
transfer matrix method (TMM). The design is then recreated in a 2D finite difference time
domain method (FDTD) model. A subwavelength aperture is then created in the filter and
near and far field results are illustrated. By applying a resonant nanograting to the exit side of
the filter the effect of quasicylindrical waves (QCWs) on the near and far fields are presented.
The nanograting design is then optimized and improvements to the full width half maximum
(FWHM) of the far field are shown. Finally the model is expanded into three dimensions and
the 2D results are successfully verified.
4.2 Design
Quasicylindrical waves (QCWs) can exist in the absence of surface plasmon polaritons (SPPs)
on fully dielectric or perfectly electrically conducting (PEC) interfaces [43]. PECs do not exist
in nature, this thesis will focus on the investigation of fully dielectric interfaces . In 2011 the
existence of QCWs in the absence of SPPs was experimentally shown for the fully dielectric
case, a silicon-air interface by Gan et al [23]. Focusing of light through a subwavelength
aperture can be achieved by patterning the exit side of the aperture with a series of grooves,
the theory behind this was covered in Chapter 2. In order to utilize such a structure there
can be no transmission through the layer the aperture is situated in, this is straightforward
for a metallic layer as it is highly reflective and as such a single thin film layer can be used.
However dielectrics do not share this property; a single uniform layer of dielectric material
will allow light to pass through it. One solution to achieve near zero transmission is to utilize
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Figure 4.1: Mid-IR dielectric band pass filter transmission spectrum supplied by the manufac-
turer [55]
a stack of dielectric made up of layers of differing dielectric material, this takes advantage of
interference effects described in Chapter 3. As an added complication the total thickness of
the stack is limited by the fabrication of the subwavelength aperture, to achieve patterning on
the nano-scale a focused ion beam (FIB) is used. The depth of focus of the focused ion beam
(FIB) is typically around 20μm dependent on the beam current used, outside this zone the ion
beam is unfocused and patterning is less precise. Therefore the total thickness of the dielectric
stack should be no thicker than 20μm.
Thin dielectric stacks are commonly used in industry in the form of pass filters and one
option would have been to purchase a commercially available infrared band pass filter and
try to model it. The alternative would have been to design the dielectric filter ourselves,
as from a modelling perspective this is straightforward and the transfer modelling method
(TMM) can be used to obtain the ideal spectra. However, the designs of interference stacks
are highly sensitive to layer thicknesses and the hardware to fabricate such a stack and achieve
the precision needed would mean outsourcing to a optical coating company. The cost of a
custom filter compared to an off-the-shelf product was too large to justify. It was decided to
source an off-the-shelf mid-IR dielectric band pass filter from Northumbria Optical Coatings
limited. The transmission spectra of the filter is shown in Figure 4.1, the band pass is centered
at a wavelength of 2.91μm. Off-the-shelf filters are much more economically viable than
the custom made alternative and successful demonstration of focusing from a subwavelength
aperture using such a filter would make subsequent applications more appealing. To protect
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Figure 4.2: Scanning electron microscope(SEM) image of a cross section of dielectric band
pass filter. Filter has a gold conducting layer to make it visible in SEM. Platinum was deposited
during the cross section process, see Chapter 5 for details of this process.
their intellectual property (IP), Northumbria Optical Coatings Limited would not provide us
with information on the dielectric materials used and the number and thickness of each layer
in the filter. This presented challenges in modelling such a device.
More information about the filter would need to be obtained before modelling can begin.
By taking a cross section of the filter using a focused ion beam (FIB), the thickness of the filter
could be determined and the number of layers and thickness of each layer examined, Figure 4.2
shows a cross section through the mid-IR dielectric band pass filter from Northumbria Optical
Coatings limited. The cross section shows 7 lighter bands and 3 extended dark regions which
could be cavities. The filter was measured to be 9.1μm thick and is likely to be constructed
from two dielectric materials, with one material having a substantially higher refractive index
than the other. Using the transfer matrix method (TMM) described in Chapter 3, the estimated
number of layers and their thicknesses were fitted to common dielectric materials known to
be used in optical filters. Unfortunately a spectra close to the Northumbria Optical Coatings
(NOC) filter was not obtained, it was concluded the dielectric materials present in the band
pass filter were not commonly used in optical filters or that the filter was constructed from
more than two dielectric materials. Instead, a more complex structure was used to model the
filter response as described below.
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Figure 4.3: Schematic of the band pass filter designed using TMM method.
4.2.1 Dielectric Stack
A literature search was carried out into leading designs of infrared band pass filters and 1D
photonic crystals and various configurations were modelled using the transfer matrix method
(TMM). The design resulting in a spectrum and thickness that most closely matched the
Northumbria Optical Coatings filter consisted of combining two quarter-wavelength stacks
and a single cavity, each quarter-wavelength stack comprising of 9 alternating layers of high
and low refractive index dielectric. A schematic of this filter is shown in Figure 4.3.
The filter was optimized to have a narrow band-pass at 2.91µm, this was achieved com-
bining a high pass filter with a low pass filter and tuning the thickness to achieve an overlap
of the pass regions of each filter. The first stack acted like a high pass filter by setting the
thickness of each layer to 20% of the band-pass wavelength 2.91μm, resulting in each layer
being 582nm across, with the first and last (9th) layers consisting of the dielectric with the
higher refractive index. The second stack acted like a low pass filter by tuning the thickness of
each layer to 30% of the band-pass wavelength, each layer is 873nm across, as before the first
and last layers consisted of the dielectric with the higher refractive index. The higher index
dielectric was stibnite, with a refractive index of 2.72 at the band pass wavelength and chiolite
was chosen to be the lower index dielectric with a refractive index of 1.332 at the band pass
wavelength. The filter has a total thickness of 13.1μm, similar to that of the NOC filter. The
resulting spectrum is shown in Figure 4.4.
4.2.2 Subwavelength aperture
The geometry for the mid-IR dielectric narrow band pass filter modelled using the TMM was
then recreated in two dimensional space using the Lumerical FDTD software. A broadband
plane wave source was placed 3μm away from the incident side of the filter and its transmit-
tance and reflectance measured using frequency monitors placed either side of the filter. This
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Figure 4.4: Transmission spectra of the dielectric stack designed with the TMM (red). Trans-
mission spectra of the NOC bandpass filter (blue)
was repeated in three dimensional space to fully verify the TMM results.
For the following work a resonant wavelength of 3.4μm was chosen. 3.4μm has enough
clearance above the filter’s band pass for the Gaussian source’s spectral width to not overlap
and is in a part of the mid-IR spectrum used in many industrial applications. Starting with
two dimensional space, a subwavelength aperture with a width of 850nm (quarter wavelength)
was then created through the band pass filter. A plane wave source was placed on the incident
side of the filter and a frequency domain power monitor was placed at a distance of 500nm
from the aperture exit to record near field data. This data included the electric and magnetic
field components, transmission, power and Poynting vectors along the Y plane. A conformal
mesh was applied to the simulation region with an override mesh applied to the region inside
the subwavelength aperture for increased accuracy, with a mesh cell size of 1nm2. The model
setup is illustrated in Figure 4.5. Initially the geometry shown in Figure 4.6 was investigated.
Perfect electrically conducting aperture sidewall
The near field data was analysed and there was found to be a significant amount of radiation
exiting the filter away from the subwavelength aperture. By placing frequency domain power
monitors in the X plane through the filter either side of the subwavelength aperture, the source
of this radiation was found to be light escaping through the sidewalls of the subwavelength
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Figure 4.5: FDTD Model Setup, blue arrows on source denote the electric field component
direction and purple arrow the source direction
Figure 4.6: Geometry of the structure modelled in FDTD, with an aperture and no grooves.
aperture. To evaluate the impact this has on the far field, the near field data collected by the
Y plane monitor situated at the exit side of the filter was projected to create a 2D far field
XY map. Figure 4.7 shows the effect of lighting escaping through the sidewalls on the light
emitted from the exit side of the filter. The impact on the far field is unacceptable and any
beaming effects would be overpowered by radiation escaping from the sidewalls.
To prevent this from happening a layer of 50nm thick perfect electrical conductor (PEC)
was placed on the sidewalls of the subwavelength aperture, this will reflect light incident on
the sidewalls back into the subwavelength aperture. PEC was chosen because it does not
support surface plasmon modes and nullifies the electric field inside the PEC, cutting down
on simulation time. The effect of adding 50nm of PEC to the sidewalls of the subwavelength
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Figure 4.7: Electric field intensity on the exit side of the filter when no PEC was placed on the
aperture. Incident light wavelength 3.4μm.
aperture can be seen in Figure 4.8. No radiation passes through the filter away from the
subwavelength aperture, leaving a highly divergence beam caused by scattering at the exit of
the subwavelength aperture. This will allow the role of QCWs in focusing the re-radiated light
to be investigated.
If light escaping through the sidewalls of the subwavelength aperture is found in experi-
ment, metal may have to be deposited on the sidewalls. However, in practise it would not only
be technologically challenging to coat only the sides of the nanoaperture with metal, the pres-
ence of a metallic layer could also confuse the interpretation of the results. Initial experiments
(as described in the following chapter) were therefore undertaken without coating the aperture
sides, but with the expectation that ultimately a route may have to be found to define a mode
within the aperture. This could perhaps be achieved, for example, by the use of a dielectric
photonic crystal, thus retaining the fully dielectric nature of the device.
4.2.3 Nanograting
When light exits a subwavelength aperture, it is scattered in all directions resulting in a highly
divergent beam, this is clearly shown in Figure 4.9 which was created by projecting the near
field data onto the XY plane to obtain the far field. To reduce the divergence of this beam, a
series of resonant nanogrooves can be added to the exiting side of the band pass filter resulting
in a nanograting. The mechanics behind resonant nanogratings is described in Chapter 2. The
initial geometry for such a grating is shown in Figure 4.10. The initial dimensions for; the first
groove to aperture distance, groove depth, groove width and number of grooves were taken
from Gan et al [22], where a nanograting resonant at 3μm was patterned onto gold and tung-
sten. The grating constant (distance between grooves) was then changed to 3.4μm to move
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Figure 4.8: Electric field intensity one metre from exit side of filter for a subwavelength aper-
ture with PEC sidewalls (red) vs dielectric sidewalls (blue). Incident light wavelength 3.4μm.
away from the band pass (transparent) region of the filter, this should serve as a good initial
approximation to observe a reduction of the beam’s divergence as a result of QCWs scattered
by the nanograting. Another mesh override region was added to the nanograting region where
fields will rapidly change due to scattering from the nanogrooves. The near field behavior and
projected far field can be seen in Figure 4.11 for the resonant nanograting patterned onto the
modelled band pass filter. The beam divergence has been greatly reduced as illustrated in Fig-
ure 4.12. In the far field at a distance of one meter from the filter, the full width half maximum
(FWHM) of the radiated beam improves from 129.8º for the isolated subwavelength aper-
ture with no nanogrooves to 4.1º for the subwavelength aperture surrounded by nanogrooves,
this shows that QCWs can be successfully used as the sole mechanic for focusing the highly
divergent light radiated from a subwavelength aperture.
4.3 Optimization
The reduction in divergence can be improved upon further by optimizing the geometry. The
geometry for the resonant nanogratings was optimized by running a number of simulations
iterating through ranges for each of the grating dimensions; aperture to first groove distance,
groove depth and groove width. The ranges for each parameter were determined by running
a series of coarse optimizations and observing where peak power of the far field at an angle
of zero degrees dropped significantly. The ranges were as follows; 1 to 3μm for the aperture
4.3 Optimization 47
Figure 4.9: Far field intensity of an isolated subwavelength aperture. Incident light wavelength
3.4μm.
Figure 4.10: Initial aperture groove geometry used in FDTD simulations.
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(a) Magnetic field strength along the surface of the
filter. Incident light wavelength 3.4μm.
(b) Intensity of electric field on the exit side of the
filter.
Figure 4.11: Near and far fields for the initial geometry. Incident light wavelength 3.4μm.
Figure 4.12: Electric field intensity one metre from exit side of filter, grooves (blue) vs aperture
only (red)
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Figure 4.13: Optimized geometry used in FDTD simulations.
to first groove distance, 150 to 550nm for the groove depth and 100 to 500nm for the groove
width. The parameters were optimized around maximizing the peak electric field intensity at a
distance of one meter from the filter, this coincides with the zero degree electric field intensity.
A second optimization around minimizing the FWHM of the electric field at one meter
from the filter was carried out and gave the same result, the scripts written for finding the zero
degree electric field intensity. Lumerical uses an optimization algorithm which is a population
based stochastic optimization technique called the ’Particle Swarm Optimization’. The opti-
mization geometry is shown in Figure 4.13, the groove depth and width were optimized to the
nearest nanometer and the first groove to aperture distance was optimized to the nearest 10nm.
The amplitude of the total magnetic field H along the Y plane of the nanogratings is shown
in Figure 4.14, it can be seen that a standing wave with decaying amplitude is sustained along
the Y plane. Due to the mixture of vectors associated with the quasicylindrical wave (QCW),
the QCW is not as strongly trapped when compared with surface plasmon polaritons (SPPs)
which have a well-defined wavevector. This contrast is seen as the magnetic field falls off
after several wavelengths. In a metallic nanogroove system employing SPPs to re-radiate, the
H field falls off much faster, typically after the first couple of grooves, indicating that part of
the energy of the SPP that emerges from the subwavelength aperture is strongly trapped within
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Figure 4.14: Magnetic field strength along the exit side surface of the filter for optimized
geometry. Incident light wavelength 3.4μm.
the nanogrooves. Another feature characteristic of QCWs which is shown in Figure 4.14 is
the rapid decay of the field between the subwavelength aperture and first nanogroove.
The projected far field, Figure 4.15, shows a directional radiation pattern with an increased
peak intensity when compared with the initial geometry’s projected far field (Figure 4.11).
The effect of an optimized geometry can be illustrated by contrasting the electric field
amplitudes and FWHM, at one meter from the filter, before and after the optimization has
taken place. Figure 4.16 shows that the FWHM of the beam has been improved from 4.1º to
3.4º with the peak electric field intensity greatly increased.
4.3.1 3D FDTD
The simulation was expanded to three dimensional space to match experimental work as
closely as possible, as well as verifying the findings of the 2D simulations. The 3D geom-
etry is shown in Figure 4.17, the grooves and aperture were made 50μm long to aid with
finding and illuminating the nanograting with the OPO laser in experiment.
Full illumination of the entire length of the aperture from a plane wave source was first
done to verify the 2D simulations. The total magnetic field intensity H produced along the XY
plane is shown in Figure 4.18, it is possible to see distinct areas of higher intensity.
These areas are illustrated more clearly by observing the Poynting vectors of the near field,
as shown in Figure 4.19, to show the magnetic field direction. The areas of higher intensity
are likely caused by interference in the subwavelength aperture.
The near field was then projected along a hemisphere one meter from the filter to obtain a
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Figure 4.15: Optimized geometry electric field intensity. Incident light wavelength 3.4μm.
Figure 4.16: FWHM comparison between the aperture only (red), initial geometry (blue) and
optimised geometry (green). Incident light wavelength 3.4μm.
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Figure 4.17: Geometry used for the 3D FDTD simulations.
Figure 4.18: Magnetic field on the exit surface of the filter. Incident light wavelength 3.4μm.
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Figure 4.19: Poynting vectors for the aperture exit. Incident light wavelength 3.4μm.
far field radiation pattern, the resulting electric field intensity is shown in Figure 4.20.
To gain insight to observations made in the measurement system, a focused Gaussian
source was used to mimic the OPO laser being focused by a reflecting objective lens (as used
in experiments) onto the filter, the near and far fields were obtained. Comparing this with the
near and far field from the plane wave source simulation there was no difference, it was con-
cluded the plane wave approximation can be made. Far field projections serve as a prediction
for what will be seen in experiment as well as allowing for far field data taken by experiment
to be backwards engineered to estimate what the near field could look like.
4.4 Summary
In this chapter the design of a mid-infrared dielectric narrow band pass filter, that closely
matches the off-the-shelf filter sourced for this project, has been achieved by using the trans-
fer matrix method (TMM). This design was then verified using Lumerical FDTD in two and
three dimensions. 2D numerical results of applying a subwavelength aperture to the filter have
been presented and the effect of patterning the exit side of filter with a nanograting has been
shown. The full width half maximum (FWHM) of the electric field intensity at a distance of
one meter from the filter has been reduced from 129.8º for the isolated subwavelength aper-
ture with no nanogrooves to 4.1º for the subwavelength aperture surrounded by nanogrooves,
illustrating that QCWs can be successfully used as the sole mechanic for focusing the highly
divergent light radiated from a subwavelength aperture. The nanograting geometry was then
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Figure 4.20: Far field intensity one metre from the exit of the aperture. Incident light wave-
length 3.4μm.
successfully optimized and the FWHM further reduced from 4.1º to 3.4º with peak electric
field intensity greatly increased. The investigation was then expanded to 3D and the 2D re-
sults were verified along with investigations into the plane wave source approximation.
Chapter 5
Fabrication and Measurements
5.1 Introduction
This chapter describes the fabrication steps, including using the focused ion beam, to pattern
the 1D Quasicylindrical (QCW) grating onto a dielectric filter. Optical measurements were
performed on a series of samples, this chapter describes the experiment instrumentation em-
ployed for measurements. Initial measurements to validate the optical system are also shown.
5.2 Fabrication overview
5.2.1 Fabrication Process
Mid IR dielectric band pass filters were sourced from Northumbria Optical Coatings limited.
The filters are to be patterned using a focused ion beam and to protect the filters from damage
a film of photo-resist is added to the dielectric surface. To prevent charge build up and so
the sample can be viewed by an scanning electron microscope (SEM) a conducting layer is
added onto of the photo-resist layer. Once the FIB patterning is completed acetone can then
be introduced to the photo-resist layer, which will dissolve it so that the conducting layer can
be lifted off, leaving a fully dielectric patterned filter.
5.2.2 Sample Characteristics
The band pass filter used has a 1mm thick fused quartz substrate with single side dielectric
coatings. Light is blocked out from 2.2μm up to 4.3μm, with a narrow band pass at 2.914μm,
the optical response of the filter is shown in figure 5.1.
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Figure 5.1: Optical response of dielectric band pass filter source from Northumbria Optical
Coatings limited.
Photo-resist layer
To protect the filters from damage in the focused ion beam, a layer of ~150nm of polymethyl
methacrylate (PMMA) is transferred directly onto the top surface of the band pass filter. The
PMMA solution used for this is a 950K A4 solution, where 950K is the molecular weight
and A4 is the ratio, 2:1, of PMMA to the solvent, anisole. A spinner was used to deposit the
PMMA solution onto the dielectric filter surface. The thickness of the PMMA is determined
by the RPM of the spinner, molecular weight of the PMMA and the total spin time. The
required parameters to get a 150nm layer of PMMA was 3250 RPM for 55seconds. Once the
spinning process is completed the solvent is removed by placing the filter on a hot plate and
baked for 10 minutes at a temperature of 150ºC.
Conducting layer
A conducting layer was deposited onto the PMMA to prevent charge build up during the
patterning process. A thermal evaporator was used to deposit 80nm of gold on top of the
PMMA layer. The filter along with the gold is placed into the thermal evaporator’s vacuum
chamber, which is pumped down to a pressure of ~2x10-6mbar. The gold is placed into a
crucible, which is resistively heated, causing the gold to evaporate. The gold then condenses
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Figure 5.2: FEI Nova 600 system located in the Nanofabrication laboratory at the University
of Exeter.
on the much cooler filter, forming a thin metallic film. The rate of evaporation is controlled
by the magnitude of the current applied to the crucible.
5.2.3 Focused Ion Beam
The focused ion beam (FIB) technique was developed during the late 1970s, with the first
commercially available systems appearing in the mid 1990s [49]. These systems were pri-
marily produced and developed for large semiconductor manufacturers [60]. A FIB system
operates in a similar way to a scanning electron microscope (SEM) except instead of a beam
of electrons, a FIB system uses a highly focused beam of ions. The FIB system can be used
at high beam currents for localized sputtering or at low beam currents for imaging although
many modern systems incooperate a separate SEM beam to be used for imaging. The 3 largest
manufacturers of these FIB/SEM dual-beam systems are FEI, Toshiba and Zeiss [2]. The sys-
tem used in this work is the Nova 600 from FEI, located in the Nanofabrication laboratory at
the University as shown in Figure 5.2.
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Figure 5.3: Schematic of needle type liquid metal ion source (left), image of assembled source,
mesh scale is 5mm (right) [45].
Overview
This section is designed to give an overview of the basic operation of the FIB system used in
this work, the FEI Nova 600. Starting with how the ions are produced right through to how
they interact with the sample.
Liquid Metal Ion Source
FIB systems use liquid metal ion sources (LMIS), there are several different designs of LMIS
such as capillary-type and impregnated-type with the most widespread design being the needle
ionizer, as shown in Figure 5.3 [57]. The needle type LMIS consists of reservoir of liquid metal
that feeds a blunt tungsten tip with radius of a few microns and a extractor aperture situated
at the tip. The reservoir is heated and the liquid metal wets the tungsten tip, when an electric
field (> 1010Vm−1) is applied at the tip it opposes the force of the surface tension forming the
liquid metal into a cusp shaped tip, called a Taylor-Gilbert cone [57, 69]. The tip radius of this
cone is typically a couple of nanometers and the large electric field causes ionization and field
emission of the liquid metal atoms. The ions generated at the apex of the cone go towards the
extractor aperture forming an ion beam.
The metal used as the LMIS needs to have a high surface tension, low vapor pressure in its
liquid state and not be corroding to the tip itself. Several different metals and alloys are used
for different applications such as Ir, Au and Cu [57]. Most FIB systems are used for micro-
machining applications and only use a single source. The most widely used source is gallium
(Ga), it has a low melting point of approximately 300K meaning a Ga LMIS can operate at
room temperatures. Ga LMIS’s are easy to fabricate and with a tungsten (W) substrate they
are reliable, stable and have long lifetimes.
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Figure 5.4: Schematic of an ion column [63].
Source to Sample
A schematic of a typical FIB column is shown in Figure 5.4. Upon exiting the extractor
aperture the ion beam is condensed in the first electrostatic lens, passing through the upper
octopole which adjusts the beam stigmatism. Using a series of variable apertures the beam
current can be varied from 1pA to 10nA, allowing for a fine beam for high-resolution imaging
through to a coarse beam for fast and rough large area milling. The lower octopole is used
for raster scanning of the beam over the sample, which is mounted in a vacuum chamber. The
second electrostatic lens focuses the beam to a point on the sample, for a 1pA, 30keV ion
beam, the focal point is ~8nm. Larger beam currents result in larger focal points.
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Sample interaction with Ions
Etching is achieved by bombarding precisely defined areas with Ga ions. The result of inter-
actions between the ion beam and a solid surface are caused by a small number of physical
processes. The results of these processes are very different to similar interactions seen in a
scanning electron microscope. Due to the much larger mass of the Ga ions, incident ions
can cause displacement of atoms in the target surface, this is a very useful phenomena and is
employed to make, break and alter structures on small scales.
Interactions between incident ions and target atoms can be broken down into two cate-
gories; elastic and inelastic. The inelastic process which results in the formation of secondary
electrons is useful for imaging. However since the SEM was used to image in this work, the
elastic interactions will be the focus here. Sputtering occurs at the surface when the incident
ions transfer enough momentum to the surface atoms to free one or more target atoms, this
interaction is used to alter the structural shape of the target.
A small number of these target atoms are ionized and together with their corresponding
electrons contain information about the sample and they form simultaneous images. The Ga
ions will either undergo Auger neutralization and be reflected, escaping the sample or they
will lose all their energy, implanting themselves on the target material. The distance into the
sample at which the ion becomes trapped at is known as the projected range, Rp [28]. An
overview of these processes is described in Figure 5.5.
The implanted Gallium can be expelled from the target material by annealing the sample
for one hour at a temperature of approximately 700ºC in air [65]. It has been demonstrated
that the formation of gallium-oxide platelets on the surface can be reduced by first annealing
the sample in a vacuum, then performing the same procedure again in oxygen followed by
plasma cleaning [67].
Material Deposition
The FEI Nova 600 has a gas injection system (GIS) that allows for preferential milling or
material deposition depending on which precursor material is chosen. The GIS consists of a
heated crucible, where the precursor is stored, screwed into a needle, each precursor has its
own individual crucible and needle allowing for rapid switching between precursors. During
operation the precursor is delivered to the sample by moving the needle tip 100μm above the
sample’s surface, this small distance means the gas pressure doesn’t have to be high and can
be localized to a targeted area of the sample [21]. One of the most common uses of the GIS is
to deposit a conductive material, such as platinum, onto a sample’s surface [64]. The precursor
for platinum is trimethyl platinum (C6H16Pt), which is heated to its working temperature of
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Figure 5.5: Ga ion-sample interaction [74].
40ºC and delivered to the sample’s surface as shown in Figure 5.6. The ion beam activates the
gas to leave a protective platinum layer. Deposition is a delicate balance between decomposing
the adsorbed gas and sputtering the deposited material. This balance depends on parameters
such as Needle position, crucible temperature, beam current and the scan area and speed, an
example of this balance can be seen in figure 5.7. Due to the nature of the samples that were
patterned in the FIB preferential milling was not used and will not be discussed here.
Patterning Method
During patterning the beam unblanks automatically and uses digital beam placement to vector
scan over a pattern. Using the xT Nova NanoLab software there are 3 different options for
patterning; predefined patterning tools, importing a bitmap file and importing a stream file.
The predefined patterning tool options are typically used to pattern more basic shapes and
cross sections and important properties such as dwell time, beam overlap and pitch can be
customized here.
In a bitmap file each pixel consists of a red, green and blue component (RGB). The red
component is ignored by the software, the green determines if the beam is blanked, with a
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Figure 5.6: Schematic representation of GIS deposition of a conductive material [45].
Figure 5.7: Deposition growth rate dependence on beam current [20].
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(a) Schematic representation of raster scanning pat-
terning.
(b) Schematic representation of vector scanning pattern-
ing.
Figure 5.8
value of zero blanking the beam and any non-zero value unblanking the beam. The blue
component determines the dwell time, with a zero value corresponding to a 100ns dwell time
and 255 setting the dwell time to the maximum allowed by the software. Other parameters
such as depth can be set in the user interface, bitmaps are typically used for patterning complex
shapes or quickly patterning orientation and alignment markers.
The final option is to use a stream file, a stream file is a custom pattern file created in
ASCII. The software’s patterning field of view is divided into 4096 steps, 0-4095 in X and
280-3816 in Y. The advantage of using a stream file is the control of the sequence each pixel is
milled in. The patterning tools and bitmap options are scanned in a raster method, where the
beam scans the defined patterning area line by line, as seen in figure 5.8a [11]. However due
to imperfect blanking of the beam between these defined areas, inter-hole milling can result
from raster scanning [34]. To reduce this undesired result the sequence the beam scans over
the sample can be changed, by using a stream file. For example if the geometry contains a
circular cross section, sequencing the beam to scan in a spiral fashion can avoid inter-hole
milling by passing only once between each milled circle. Similarly stream files can be used
to minimize the time spent between structures to reduce unwanted milling as shown in figure
5.8b [39].
In this project all three options for patterning were utilised. The predefined patterning
tools were used to take cross sections of the filter for the characterisation work described in
Chapter 4. Bitmap files were used to pattern the larger structures produced in this project such
as alignment markers and classical diffraction gratings. Finally stream files were chosen for
patterning the quasicylindrical wave (QCW) gratings.
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5.3 Sample characterisation and fabrication
Before the geometry was patterned onto the filter, more information about the sample was
needed. The number of layers, the depth of each layer and the sputtering rates for the different
materials can be found by performing a cross section procedure on an unused part of the filter.
This consists of milling to several different depths in the filter, depositing a layer of protective
material and sputtering away a cross section. A typical cross section consists of a box with
3 traditional sides with the fourth side milled away in a step like fashion, this allows the
exposed layers of the filter to be seen when the stage is titled to 52º, a schematic of a typical
cross section is shown in figure 5.9. Platinum was deposited using the gas injection system
(GIS), as the protective material, it also provides the contrast to be able to observe the depth
milled. Figure 5.10 shows a cross section through the dielectric layers and into the quartz
substrate, using a trigonometric component of the observed length to account for the 52º tilt,
the filter was determined to have an average thickness of 5.8μm and an average spluttering rate
was obtained. The measurements of the thickness of each layer and the total number of layers
was then used to improve the FDTD model of the filter.
5.3.1 Alignment Markers
Using the sputtering rates from characterizing the filter, circular apertures were milled through
the dielectric layers at various points on the sample. The primary purpose of this was to make it
possible to navigate around the filter to find the QCW gratings once it was in the measurement
system, the apertures were also used to help with focusing onto the sample and to obtain the
size of the beam incident on the sample. Circular apertures of radius 100μm, 30μm, 10μm and
3μm were patterned around each QCW grating, forming the vertices of a diamond of height
and width 2mm, with the QCW grating at the centre, as shown in figure 5.11. Keeping the
order of 100μm north, 30μm west, 10μm south and 3μm east for each grating allows these
markers to be used to obtain the orientation of the sample, which is important when looking
at polarization.
5.3.2 Classical Gratings
Classical diffraction gratings with periods of 12μm, 6μm and 3μm were patterned onto the
filter, as shown in figure 5.12. Each grating has 10 periods and each period has a height of
50μm The classical diffraction gratings were used to verify that the far field image detected by
the measurement system is correct by observing the classical diffraction orders.
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Figure 5.9: Cross section viewing during milling [20].
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Figure 5.10: A cross section through the band pass filter’s dielectric layers.
Figure 5.11: SEM image of alignment markers with QCW grating in the centre.
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Figure 5.12: SEM image of completed classical gratings, 12μm (top), 9μm (middle), 6μm
(bottom).
5.3.3 QCW gratings
An initial coarse etch was performed at a beam current of 7nA, to sputter away an 100μm2 area
of Au and PMMA to create a site free from conducting material to pattern a QCW grating.
All etches were performed at a constant accelerating voltage of 30keV. The 1D QCW grating
geometry modeled in Chapter 4 was etched using a beam current of 1nA to keep the etching
time down in order to minimize beam drift. A large dwell time (~1ms) was used to reduce
the angle of the sidewalls of the slots and aperture as shown by Hopman et al [35]. Figure
5.13 shows a SEM image of a 3.2μm QCW grating. In total three optimized geometries for
resonances centered around 3.2μm , 3.4μm and 3.6μm were patterned onto the filter, with
repeats of each grating etched in case of laser induced filter damage.
5.3.4 Sample Map
The patterning of alignment markers, classical and QCW gratings were completed and a map
of where each feature was positioned on the sample was created to help with navigation and
identifying the features once the sample was placed in the measurement system. A sample
map is shown in Figure 5.14, note the sample will be placed in the measurement system so
that the light will be incident onto the substrate, this means that a mirror of the sample map
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Figure 5.13: SEM image of a completed QCW grating.
will be seen by the system.
5.3.5 Lift off process
With the patterning stage completed the conducting layer needed to be removed to leave a
fully dielectric sample. A lift-off process was performed to remove the unwanted gold layer,
by using a solvent to dissolve the photo-resist. The PMMA layer was dissolved in acetone,
warmed to 50ºC and an ultrasonicator was used to aid the process. The filter after fabrication
was completed, under a light microscope is shown in figure 5.15.
5.4 Optical Measurement
5.4.1 Setup Overview
Optical measurements presented in this work were performed using an IR laser set up. Light
emitted from a tuneable nanoLavente OPO in the wavelength range 1.4-4.2μm is focused to
a spot size of ~2λ on the sample by a x36 reflecting objective (numerical aperture (NA) 0.5).
The light transmitted by the sample, which is mounted on a motorized xyz stage, is collected
by a x15 reflecting objective (NA 0.3) that directs collimated light onto a focusing parabolic
mirror which in-turn focuses the light into a single element detector. As the light is scattered
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Figure 5.14: Sample map, showing the layout of key gratings and alignment makers.
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Figure 5.15: Light microscope of filter post lift-off.
by the sample at different angles, the collection optics and detector are also mounted on a
motorized xyz stage to collect the full far-field radiation pattern. Reflective objectives were
chosen over refractive ones to minimize chromatic aberrations that result from the changes in
wavelength. The motorized xyz stages are driven by DC Servo Motor Actuators which allow
precise repeatable positioning down to 800nm. A schematic of this set up is shown in figure
5.16.
5.4.2 NanoLevante OPO
The light source used was a A.P.E nanoLevante which is an optical parametric oscillator(OPO).
The nanoLevante is pumped at a variable repetition rate at 1064nm wavelength by a diode-
pumped, passively Q-switched solid state laser. This input laser provides two horizontally
polarized output waves, Signal and Idler, out of two separate ports. The Signal output has
a tuning range from 1470nm to 1950nm and the Idler has a tuning range from 2300nm to
4200nm, the output power over these ranges can be seen in Figure 5.17. The wavelength tun-
ing is achieved by moving an optical element with a factory calibrated stepper motor, with a
minimum step size corresponding to 1nm wavelength resolution. The repetition rate can be
changed from single shot up to 20kHz by using internal and external triggers with pulse dura-
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Figure 5.17: Optical response of nanoLevante’s Idler (red) and signal (blue) beams.
tion of under two nanoseconds. The nanoLevante is fully automated and the OPO operation is
controlled via USB by the lab computer. By removing the optical filters (servo controlled) the
1064nm pump laser and its green second harmonic light at 532nm can be used as a pilot beam
for optical alignment. An overview of OPO systems is given in section 2.
5.4.3 Far-field Detection
The IR detector was a VIGO System PVI-3TE, which was thermo-electrically cooled to 203K.
The detector was an optically immersed photovoltaic with a barium fluoride (BaF2) window,
connected to a DC coupled transimpedance preamplifier with a gain of 2.1e4 and a cut of
frequency of 10MHz. The detector had an active area of 1x1mm2 and was responsive over
a wavelength range of 2.1-4.2μm, optimized at 4μm with a response of 2.0A/W as shown in
Figure 5.18.
5.5 Measurements
Initial characterization measurements were performed on the sample to validate the measure-
ment system and ensure the filter was not damaged during the fabrication process.
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Figure 5.18: Wavelength response of VIGO IR detectors, the yellow line is the PVI-3TE used
on the measurement system.
5.5.1 Imaging Sample
Optical Alignment
Two visible green pilot beams, with a wavelength of 532nm, exiting from the separate Signal
and Idler ports and a series of pinholes were used to align the optical system. Firstly the two
pilot beams were directed onto the same area of mirror C by adjusting mirror A and flip up
mirror B. Next the pilot beams were directed through the centre of the x36 reflecting objective,
pinholes were placed at the entrance to the optical cage and on the reflecting objective to
ensure both ports had the same beam path. The collection optics motorized stage was moved
to centre the beam onto the x15 reflecting objective. Pinholes were placed on the x15 reflecting
objective and in front of the parabolic mirror and adjustments made to the stage such that the
beam passed through both pinholes, this ensured the stage is horizontally level. Finally a
pinhole was placed in front of the detector and the parabolic mirror was adjusted to centre
the beam to maximize the throughput to the detector. The pilot beam was switched off and
the Signal and Idler beams turned on, with 0.01% transmission ND filters, the response of the
detector was tested. It was found the pilot beams had a slightly different path to the Signal and
Idler beams, to view the position of the beams an IR detector card was used to make additional
adjustments to the system. The IR detector card reacts to wavelengths from 1.5μm to 13.2μm,
a layer of thermochromic liquid crystals change colour when IR light changes the temperature
of the card as seen in Figure 5.19a. The IR targets, shown in Figure 5.19b, replaced the
pinholes and the same methodology as with the pilot beams was followed. With the optical
system aligned the sample was placed on an xyz motorized stage, with the substrate closest to
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(a) Detector card changing colour when exposed to
IR light.
(b) Cage system Alignment plate with Mid-IR
Disk.
Figure 5.19
the OPO.
Alignment Markers
For all of the following measurements Mirror B was lowered and the nanoLevante’s Idler
beam was used, with a repetition rate of 15kHz and a pulse duration of ~2ns. The Idler beam
was adjusted to a wavelength of 2910nm, corresponding to the bandpass of the sample. With
high transmission of the beam through the sample, ND filters were placed in the beam path,
reducing the beam to 0.01% of its source power to prevent the detector from saturating. The
detector was moved in the x,y and z directions to find the position at which the beam intensity
was at maximum. The wavelength was then adjusted to 2600nm and the sample was moved
in the x and y directions to create an initial sample map, as shown in Figure 5.20. Here, high
signal is obtained when the beam is incident upon an alignment marker or diffraction grating.
The sample was then moved along the z direction to bring the features into focus, with the
100μm, 30μm and classical diffraction gratings visible the sample was rotated to optimize the
gratings for horizontally polarized light.
Beam size
The sample was then moved to a set of 100μm, 30μm and 10μm alignment markers, the z
position of the sample was adjusted while keeping the sample to detector distance constant
5.5 Measurements 75
Figure 5.20: Initial map of sample when scanned by incident beam. Source wavelength 2.6μm.
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until the markers were brought into focus. With the beam incident on the 10μm marker,
the detector position was fixed and the sample was moved in the x and y direction to create
an image of the 10μm marker. Doing so effectively images the beam, using 10μm stencils,
allowing for the size of the beam to be measured. The scan of the 10μm marker was repeated
for multiple wavelengths and the beam size was measured to be ~2λ.
5.6 Conclusion
In summary, a mid IR dielectric band pass filter was patterned using a focus ion beam. The
fabrication method for creation of a fully dielectric 1D QCW grating was outlined and fabri-
cation results were presented. The measurement system was introduced and validated ready
for characterization of far field radiation resulting from QCW coupling.
Chapter 6
Optical Measurements
6.1 Introduction
This chapter presents optical measurements performed on the patterned fully dielectric mid
infrared band pass filter which was designed and modelled in Chapter 4 and fabricated as
described in Chapter 5. Analysis is performed on the far field radiation pattern produced by
the geometries designed in this thesis and flaws in the filter are highlighted. Solutions to
these problems are then presented and implemented on a second mid infrared band pass filter
described at the end of this chapter.
6.2 System Validation
6.2.1 Filter transmission
Upon receiving the dielectric band pass filter from Northumbria Optical Coatings Limited
(NOC), the filter was placed in the infrared optical measurement system described in Chapter
5, a schematical representation is shown in Figure 6.1.
Both reflective objectives were removed and ND filters of strength 1.0 and 2.0 were placed
in series between the output of the OPO laser and the sample in order to avoid saturating
the detector, this reduced light incident upon the detector to 0.1% of maximum power. The
resulting larger spot size upon the filter also allowed for faster characterization of the entire
sample’s surface. The OPO laser’s wavelength was matched to the midpoint of the filter’s band
pass, allowing for maximum transmission through. The detector was then centered onto the
radiation exiting the filter, note that due to the low divergence of the incoming radiation, the
detector’s distance from the sample (z direction) was not changed. The transmission between
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Figure 6.1: A schematic representation of optical measurement system
1.5-1.95μm (signal beam) and 2.3-4.2μm (idler beam) was measured, in 200nm steps. For
each step the sample was translated in the x and y directions to allow the laser to scan the
entire surface and an average transmission value was recorded. The geometry described in
Chapter 4 was then applied to the filter, using the method outlined in Chapter 5. Once the
fabrication steps were complete the filter was returned to the optical measurement system
for characterization. Prior to confirming that the optical system was collecting the far field
radiation patterns as expected, another set of transmission measurements were performed on
the filter to ensure that the fabrication process had not damaged it. The pre and post fabrication
transmissions measurements are shown in Figure 6.2, no significant difference between the
transmission scans could be seen and it was concluded no damage had been caused to the
filter by the fabrication method.
6.2.2 Sample Scans
With the filter’s transmission characterized pre and post fabrication, the next step was to iden-
tify the sample’s orientation. First the reflecting objectives were placed back into the optical
system and the detector realigned by translating it in the x-y planes until maximum signal
was found. The laser’s wavelength was moved away from the filter’s bandpass, to 2.6μm.
This ensures the filter blocks incoming radiation from the laser and any signal measured by
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Figure 6.2: Transmission profile post fabrication (red) compared against manufacturer sup-
plied spectra (green)
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Figure 6.3: Sample map post rotation. Source wavelength 2.6μm.
the detector would be from radiation passing through the patterned areas of the filter. Coarse
sample scans were carried out to locate the largest artifacts such as the 100μm optical markers
and diffraction gratings created in the fabrication process. An initial coarse scan of the whole
sample was carried out, here the detector’s position was fixed and the sample was moved in
the x-y plane in a raster pattern until the entire sample had been imaged. The step size was
100μm, which is small to ensure at least 1 point of signal at each of the large artifacts. The
positions of the 100μm markers and diffraction gratings were compared with the FIB images
to identify the sample’s orientation. The sample was found to be rotated by 37º. The sample’s
mount was then rotated to correct the orientation difference, this is important as the incident
radiation should be TM polarised with respect to the 1D nanogratings to achieve the described
beam shaping. With the orientation corrected, the coarse scan of the sample was repeated to
confirm the desired rotation has been reached and obtain an initial sample map which is shown
in Figure 6.3.
The next step was to move the sample onto the focal point of the first reflective objective,
to minimize the spot size incident upon it. The sample was moved in the x and y planes until
the laser was incident upon an 100μm marker. Coarse x-y sample scans were carried out, with
a total area of 200μm² and a step size of 20μm, these scans were repeated at various positions
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(a) Diffraction orders produced by monochromatic
light incident upon a grating
(b) Simulated far field pattern of of 2.6μm light in-
cident upon a 12μm grating
Figure 6.4
of the sample along the z axis, to find a coarse focal point. With a smaller and more energetic
spot size, the incident radiation was moved onto the 30μm marker. The focusing process was
repeated for the 30 and 10μm markers to minimize the spot size, using the 10μm marker as a
stencil, the spot size was estimated to be ~2λ.
6.2.3 Far-field measurements
With the filter occupying the focal point from the first reflecting objective, the correct distance
between the exit surface of the filter and the second reflecting objective was investigated. The
aim here was to collect and collimate light scattered by the filter onto the detector and thus
characterize the far field. Classical diffraction gratings provide a known far field on which
to have a baseline to start from. Monochromatic light incident upon a grating will construc-
tively and destructively interfere with itself, producing an interference pattern of well defined
maxima (bright spots) called grating orders, shown in Figure 6.4a. The classical interference
pattern is well understood; intensity, form and distances can be compared directly with theory
to ensure a true far field is collected by the detector. Figure 6.4b shows the far field pattern of
2.6μm light incident upon a 12μm grating, simulated in MATLAB, here you can see the bright
zeroth order (m=0) in the centre, with less intense first order (m=1) fringes either side.
The laser was focused onto the large diffraction gratings. Starting with the 12μm classical
grating, the sample scan is shown in Figure 6.5 and the corresponding far fields are shown
in Figure 6.6. In the sample scan, maxima in intensity corresponds to the slots in the filter
machined by the FIB. The far field diffraction pattern consists of three fringes, at an inci-
dent wavelength of 2.6μm,the spacing between the zeroth and first order was measured to be
2.1mm, compared to a calculated value of 2.3mm. The calculated value was obtained using
the equation d sinθm = mλ , where d is the slit separation distance, θm is the angle between
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Figure 6.5: Classical grating sample xy scan. Source wavelength 2.6μm.
the diffracted ray and the grating’s normal vector and λ is the wavelength of the incident light.
These measurements show both that the laser can be focused to a spot size on the order of the
slot width (800nm), and that the measurement system gives a valid far field pattern.
6.3 QCW resonant nanograting
6.3.1 Far field measurements
Once a correct distance between the exit surface of the filter and second reflecting objective
had been found the search for the QCW nanogratings could begin. This was done by first
finding the 100, 30 and 10μm alignment markers for each of the nanogratings and using them
to triangulate it’s position. An area of 100μm by 100μm square was then scanned by moving
the sample in the x,y plane and keeping the detector’s position fixed. A step size of 800nm in
the y direction and 5μm in the x direction was used to ensure multiple points of the incident
beam upon the subwavelength aperture, note the smallest repeatable step size for the DC Servo
Motor Actuators that drive the motorized xyz stages is 800nm. The incident light’s wavelength
was set to 2600nm, this is the smallest wavelength for which the transmission through the
sample will be negligible. Figure 6.7 shows the raster sample scan for the 3.2μm resonant
nanograting. This demonstrates that light is only transmitted through the sample where the
nanogratings had been patterned.
With the light incident on the subwavelength aperture of the 3.2μm resonant nanograting,
the sample’s position was fixed and the detector was moved in the xy plane to collect the
far field radiation pattern created by the nanograting. Figure 6.8 shows the far field radiation
pattern at wavelengths from 3200nm to 3350nm, the far field pattern appears to be a uniform
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Figure 6.6: Classical grating detector xy scans at various wavelengths
Figure 6.7: 3.2μm QCW grating sample xy scan. Source wavelength 3.2μm.
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Figure 6.8: 3.2μm QCW grating detector xy scans at various wavelengths
and focused beam, across all wavelengths. Given that the light should have passed through
a subwavelength aperture and the sensitivity of QCWs gratings outlined in earlier Chapters,
a radiation pattern with divergence in the x-direction was expected, with a greatly reduced
divergence occurring at resonance (3.2μm ).
The wavelength range was increased to investigate far field patterns further away from
resonance, a wavelength sweep from 2400nm to 3600nm was performed and analysis on the
far field measurements was carried out, this will be presented in more detail below. The laser
was moved onto the 3.4μm grating following the same method of using the alignment markers
to triangulate its position as done for the 3.2μm resonant nanograting, again the sample was
moved to ensure the laser was incident upon the subwavelength aperture and the far field
radiation pattern was collected for a range of wavelengths. The resulting far field patterns can
be seen in Figure 6.9. The far field is the beam at resonance, it can be seen that the beam
is marginally larger in the x direction than the y direction hinting that the beam may be the
result of a highly divergent beam that has been focused by resonant nanogratings however off
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Figure 6.9: 3.4μm QCW grating detector xy scan. Source wavelength 3.4μm.
resonance the beam was no more divergent and the trend was similar to the 3.2μm resonant
nanograting.
6.3.2 FWHM analysis
The far field measurements were more closely analysed to determine if there was any wave-
length dependence, Figure 6.10 shows a comparison of the full-width half maximum of the far
field radiation pattern for the 3.2μm and 3.4μm resonant nanogratings, here the FWHM should
be lowest at the resonance wavelengths for each grating however it is clear from the data that
is this not the case. The smallest FWHM is seen at a wavelength of 2600nm for the 3.4μm
resonant nanograting and 3400 for the 3.2μm grating. The FWHM peaks for both gratings at
3000nm. The variance in the FWHM is small across the whole range and away from the band-
pass is largely invariant with wavelength. The increase in FWHM around 3000nm is likely due
to the bandpass of the filter allowing a large portion of incident light to pass directly through
the filter and could illustrate the incident beam size as seen by the detector. Figure 6.10 sug-
gests that light passing through the grating is less divergent than light that passes through at
bandpass. However this is difficult to explain simply with surface waves as there would be a
strong correlation between wavelength and FWHM, as presented in Chapter 4. One possible
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Figure 6.10: FWHM of measured far field intensity comparing the 3.2μm and 3.4μm gratings
at a sample rotation angle of 0º
explanation could be that the beam is partially blocked by the filter away from the bandpass,
This does not support the simulation results and appears to show no beam shaping behavior.
In the simulations (Chapter 4), the incident light was transverse magnetically (TM) po-
larised to achieve the reduction in divergence of the far field radiation at resonance. Although
the OPO laser’s manual stated the light emitted was TM polarised, this was checked to rule
out the polarization being the cause of the lack of wavelength dependence in the far field.
The sample was rotated to 90º and the methodology of obtaining a sample map and using
the alignment markers to find the resonant nanogratings was repeated. A series of far field
measurements on the 3.2 and 3.4μm resonant nanogratings were carried out at wavelengths
from 2400 to 3400nm in 100nm intervals. This was repeated for a sample angle of 45º for a
better representation of the effect of incident light polarization angle on the far field radiation
pattern. Figure 6.11 shows the full width half maximum of the far field for the 3.2μm resonant
1D QCW nanograting for sample angles of 0º, 45º and 90º. The FWHM is more variable with
wavelength at polarization angles of 45º and 90º, as with the 0º data, there is an increase in
FWHM at the band pass of the filter. At 90º the FWHM decreases significantly as wavelength
increases beyond the band pass however this doesn’t support a 3.2μm resonance as expected
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Figure 6.11: FWHM of measured far field intensity as a function of sample angle for the
3.2μm grating at various sample orientations
and may be the results of a less intensity incident beam as shown in Figure 5.17. 45º is more
difficult to explain, sharp increases in FWHM are seen below 2800nm and above 3200nm.
Figure 6.12 shows the full width half maximum of the 3.4μm resonant 1D QCW nanograt-
ing, 45º compares well with 0º, the largest FWHM seen at the band pass. The 90º shows a peak
FWHM at 3200nm followed by a sharp decline in beam width fund at 3400nm, unfortunately
additional measures beyond 2400nm could not be obtained due to a large drop off in intensity
of the OPO laser creating a far field with no measurable beam to calculate the FWHM for.
A further breakdown of FWHM data is shown in Figure 6.13. The trends for 0º have previ-
ously been discussed, 90º shows similar trends for both nanogratings with the smallest FWHM
found at 3400nm, this would be expected for the 3.4μm resonant nanograting to support what
is shown for in the theory. However, the peak at 3200nm is not reflected in the modelling and
a supported argument for its existence cannot be made.
With no wavelength dependence found in the FWHM data, further analysis was carried out
on the far field results for both nanogratings to try and gain insight into what is occurring at the
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Figure 6.12: FWHM of measured far field intensity as a function of sample angle for the
3.4μm grating at various sample orientations
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Figure 6.13: FWHM of measured far field intensity comparing the 3.2μm and 3.4μm gratings
at various sample orientations
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Figure 6.14: 3.2μm vs 3.4μm QCW grating beam intensity for a range of wavelengths
sample that results in no beam shaping occurring. Far field intensity data at 0º rotation for the
3.2 and 3.4μm gratings is presented in Figure 6.14 at a wavelength range of 2400 to 3600nm
with a 100nm step size. The intensity shown is the average intensity inside the FWHM region
of each far field pattern and is normalized for difference in the idler beam power shown in
Chapter 5, Figure 5.17 and detector sensitivity displayed in Figure 5.18. The highest average
intensity occurs at the band pass where the transmission through the filter peaks at 85%, the
result is a relatively unchanged focused incident beam, the second highest peak occurs are
2400nm, this could suggest a non-negligible level of transmission through the filter occurring
however is not a worry for investigating the role of QCWs in beam shaping as this is far
from the resonant region for the nanogratings. The most significant peak is at 3500nm, this
again could be transmission through the filter which if this is the case then would prevent the
detection of beam shaping by QCWs, this is discussed in more detail later on in this chapter.
The peak does not correlate to any changes in FWHM described above and occurs at the same
wavelength for both the 3.2 and 3.4μm resonant nanogratings, which suggests it is not a result
of interaction with the nanogratings.
The contribution of the subwavelength aperture to the far field radiation pattern can be
investigated by rotating the sample at various angles and analyzing the intensity. The average
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Figure 6.15: 3.4μm QCW grating beam intensity for a range of wavelengths at various angles
normalized far field intensity for the 3.4μm resonant grating at sample rotations of 0º, 45º and
90º is compared in Figure 6.15. It can be seen that the rotation has little effect on the average
intensity which would suggest the subwavelength aperture is not the source of the far field
radiation pattern and, given that the nanograting seems not to be contributing either, it is most
likely the transmission wavelength response of the filter itself is largely responsible for the far
field results seen.
For completeness, the average normalized far field intensity for the 3.2μm resonant grating
at the 3 sample rotations is compared in Figure 6.16. Interestingly there is a more pronounced
difference between the rotations than seen in the 3.4μm far field results, with the largest dif-
ferences occurring at wavelengths shorter than the band pass. The 90º intensity being lowest
is encouraging and would suggest the subwavelength aperture has a small contribution to the
far field. However, no argument can be made for the 45º rotation having the highest inten-
sity here and this is all occurring at a wavelengths far from the resonance wavelengths of the
nanogratings.
With no clear change to the FWHM of the far field at resonance, the geometry was not
performing as expected. The geometry simulated in Chapter 4 was successfully patterned on
the filter within acceptable tolerances and additional optical microscope images were taken
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Figure 6.16: 3.2μm QCW grating beam intensity for a range of wavelengths at various angles
to verify that the geometry had not been damaged by the laser. The measurement system
itself was verified to be working as expected by recreating classical diffraction patterns with
the 12μm grating. Analyzing the mechanics of the nanograting, the non resonant nature of
the results show that the grooves are not responsible for the far field pattern. The problem
cannot be that the grooves are not re-radiating the surface waves created by the subwavelength
aperture, as this would simply result in a highly divergent beam, which is not seen. This leaves
the subwavelength aperture’s role; off resonance the subwavelength aperture is the dominant
contributor to the far field, it creates a highly divergent beam due to the scattering of the
radiation escaping the aperture, as shown in Chapter 4, Figure 4.9. However this is not seen in
the optical measurements, meaning radiation was not scattered at the exit of the subwavelength
aperture. The null result was recreated in Lumerical FDTD by allowing radiation to leak
through the sidewalls of the subwavelength aperture, this result can be seen in Chapter 4,
Figure 4.7. This results in a less divergent beam, as the field is not scattered by the exit of the
subwavelength aperture, the field simply radiates through the area around the subwavelength
aperture corresponding to ~3 times the thickness of the filter, this not only prevents the aperture
from channeling the fields but generates negligible surface waves for the grooves to scatter and
re radiate. It was concluded this was the most likely cause of the optical results for 3.2 and
6.3 QCW resonant nanograting 93
Figure 6.17: Damage to filter xy sample scan. Source wavelength 2.6μm.
3.4μm nanogratings.
6.3.3 Filter damage
In addition to radiation escaping through the sidewalls of the sub-wavelength aperture it was
clear there was damage to the filter in areas surrounding the 1D QCW gratings. This damage
was highest in the area of the 3.6μm resonant QCW grating and can be seen in Figure 6.17 by
the transmission of light through the filter. Figure 6.17 was obtained by removing ND filters
and replacing the reflecting objectives with classical CaF2 convex lenses, this increased the
beam size incident on the sample. The damage was not picked up by the transmission scans
of the entire filter, this was because the areas in question are small (50x50μm) with respect
to the total surface area of the filter and the magnitude of the transmission through the filter
is negligible with respect to the transmission in the band pass region of the filter. An ND 0.3
(50% transmission) was used in Figure 6.17 whereas during the whole sample transmission
scans ND 1.0 and 2.0 were used in series to reduce the magnitude of light incident on the
filter to 0.1% of maximum power. This was to avoid saturating the detector at the band pass.
At 0.1% of laser power 0.12mW of transmission was detected through the sample, this is
less than 1% transmission when compared with the transmission at the bandpass which is
negligible, however this amount of transmission is significant when attempting to measure the
light exiting a subwavelength aperture.
On the macro-scale such as the far field distribution, the radiation passing directly through
the filter effectively masks the radiation that exits the subwavelength aperture and is re-radiated
by the grooves. Analyzing the near field and events taking place on the filter itself, the field
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re-radiated by the grooves is smaller than the field passing directly through the filter. The field
passing through the filter will interact with the QCW field, which itself is a superposition of
evanescent and radiative components, if the two fields were equivalent in size it would result
in a more complex superposition of components. However, the field passing through the filter
is several times larger and dwarfs the QCWs meaning no detectable contribution from QCWs
can be measured.
6.4 QCW nanograting sample two
6.4.1 Overview of geometries and fabrication
As the problems arising from the first filter may be solvable with changes to the fabrication
method, a second dielectric bandpass filter was sourced from Northumbria optical coatings.
Alongside changing the original fabrication method to decrease the damage to the filter done
by the FIB, additional geometries were patterned on the filter to gain a better understanding of
aspects of the QCW role in beam shaping. The a schematic of the second sample is shown in
Figure 6.18.
First an identical 1D 3.4μm resonant QCW geometry was patterned, with improvements in
the patterning method to better protect the filter and prevent the damage as seen in Figure 6.17.
This was achieved by under-milling the photo-resist layer as to not directly bombard the filter
surface within the field of view (FOV) of the ion beam, patterning accuracy was decreased
due to the filter being below the focal plane of the beam however this was an acceptable
compromise to better protect the filter from damage. This method was employed for every
geometry patterned on the filter.
The second problem to address was the leaking of radiation at the sidewalls of the filter.
The filter is a 1D photonic crystal and is optimized to reflect light in a single plane, as such
scattered light incident upon the filter at various angles will not be adequately reflected. One of
the only ways to decrease the transmission through the sidewalls of the aperture, is to deposit
a thin wall of metal. This was a difficult compromise to make as a non metallic infrared beam
steering geometry that could be patterned on the facet of a laser was a big motivation for this
work, however no other viable options could be found. To prevent SPPs from propagating the
metallic sidewalls would have to be extremely thin, for gold, ~50nm.
A 1D 3.4μm resonant QCW geometry with metallic sidewalls was attempted. This was a
challenging process, the milling rate of gold was different to that of the filter and the beam
waist of the ion beam increased with depth in the filter, this coupled with sample drift made
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Figure 6.18: Sample map of second NOC bandpass filter
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obtaining an acceptable geometry challenging. The top layer of gold was first milled and the
photo-resist layer was partially milled to protect the filter in the ion beam’s FOV from damage.
The 1D 3.4μm resonant QCW geometry was milled following the method outlined in Chapter
5, the subwavelength aperture size was increased from 850nm to 950nm to allow for the 50nm
gold sidewalls. Then the FOV was focused on the subwavelength aperture and a 10μm layer
of gold was deposition inside the subwavelength aperture via the FEI Nova 600’s gas injection
system (GIS). A 850nm subwavelength aperture was milled in the newly deposited gold to
leave a 50nm gold sidewall. Using the deposited material’s sputtering rate, a depth of 200nm
further than the original aperture’s depth was milled to ensure no gold was present at the
bottom of the aperture to prevent incident light from entering the subwavelength aperture,
this meant a slight over-mill in the CaF2 layer below, which was deemed to be acceptable.
Several attempts at the 1D 3.4μm resonant QCW geometry with metallic sidewalls were first
carried out near the outer edge of the filter and cross sections were taken to determine if the
method worked. A varying thickness of sidewall with depth was found, this is likely due to
sputtering rate differences between the filter and gold resulting in a steeper sidewall angle in
the gold meaning the sidewall decreased in thickness with depth, this was mitigated as much as
possible by using a smaller beam current when milling into the gold. This had a compromise as
increased pattern times increased sample drift and resulted in asymmetric sidewall thickness.
Final cross sections showed an average sidewall thickness of 43nm and 52nm respectively
and an average variation in thickness with depth of 27%. A cross section is shown in Figure
6.19, platinum was deposited onto the gold to protect from the sputtering process described
in Chapter 5, the gold is the slightly brighter layer between the platinum and the filter. The
1D 3.4μm resonant QCW geometry with metallic sidewalls was then attempted at the location
shown in Figure 6.18.
In addition to the two 1D 3.4μm resonant QCW geometries, a 2D grating design was etched
into the filter, called a bulls-eye grating, this will be introduced and explained in Chapter 7
alongside the theoretical modelling for it. Finally an asymmetrical 1D 3.4μm resonant QCW
geometry was patterned into the filter, with the aim to better understand the role of QCWs in
beam shaping, which will also be presented in Chapter 7.
6.4.2 Linear QCW nanograting
The filter was placed in the measurement system and the steps outlined earlier in the Chapter
for the first filter, were again followed to ensure a focused beam incident upon the filter and the
detector was in an optimised position to map the far field radiation pattern. The filter was then
mapped out using the alignment markers to use as a reference tool for navigating the filter.
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Figure 6.19: SEM cross section of the metallic subwavelength aperture
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Figure 6.20: Optical sample map of second NOC bandpass filter. Source wavelength 2.6μm.
The resulting sample map is shown in Figure 6.20, cross referencing this with the schematic
shown in Figure 6.18, the areas containing each geometry was identified.
The sample was moved to the area containing the linear QCW nanograting. The 30μm and
10μm alignment markers were again used to minimise the beam size and the area containing
the linear nanograting was scanned. The nanograting was successfully found and is shown in
Figure 6.21. A clear slot like structure is seen but with a lower intensity when compared with
the corresponding feature on the first sample, this likely due to a slightly larger spot size but
with a clear structure observed, the sample was moved such that the laser was incident on the
centre of the aperture.
With the sample position fixed, the detector was moved to collect the resulting far field
pattern, this was carried out for wavelengths; 3200nm, 3400nm and 3600nm, to obtain a
resonant and two off resonance results. Figure 6.22 shows the far field pattern at resonance
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Figure 6.21: 1D grating sample xy scan. Source wavelength 3.4μm.
(3400nm), the beam has a FWHM of 0.41mm in the x direction and 0.37mm in the y direction.
6.4.3 Linear QCW nanograting with metallic sidewall
The sample was moved and refocused onto the 1D geometry containing a subwavelength
aperture with a thin gold coating. Figure 6.23 shows the sample scan, the slot structure can
be observed but less clearly when compared with the fully dielectric variant. A noticeable
decrease in transmission is also seen here. The alignment makers were used to refocus and
minimise the spot size of the incident beam, this did not affect the signal profile from the
sample scan. It is likely this change in appearance is caused by the metallic deposition during
fabrication.
Again the sample position was fixed and the detector was moved to collect the resulting
far field pattern for wavelengths; 3200nm, 3400nm and 3600nm to obtain a resonant and
two off resonance results. The far field at resonance, shown in Figure 6.24, shows more a
more pronounced divergence along the x direction when compared with the fully dielectric
geometry’s far field. The FWHM is 0.415mm, this compares with an off-resonance FWHM
of 0.420mm found at a wavelength of 3200nm. A 5μm decrease in FWHM of the far field
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Figure 6.22: 1D grating detector xy scan. Source wavelength 3.4μm.
at resonance falls within the resolution of the measurement, so while this could be a positive
result, more investigation is needed.
6.5 Conclusion
In this chapter the optical measurements of resonant nanogratings patterned onto a fully di-
electric mid infrared band pass filter have been presented. The optical measurement system
was validated by measuring the far field radiation patterns of classical diffraction gratings,
which compared well to the calculated pattern. The far field radiation patterns produced by
the 3.2μm and 3.4μm resonant nanogratings in the wavelength range of 2400 to 3400nm have
been analysed and no beam shaping was found. Upon further investigation at different sample
rotations no wavelength or polarization dependence could be seen and it was concluded nei-
ther the subwavelength aperture or nanogratings were functioning as expected. Changes to the
fabrication method were carried out to overcome problems found with the filter and a second
patterned mid infrared band pass filter was presented.
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Figure 6.23: 1D grating with metallic aperture sidewalls sample xy scan. Source wavelength
3.4μm.
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Figure 6.24: 1D grating with metallic aperture sidewalls detector xy scan. Source wavelength
3.4μm.
Chapter 7
Iterative design and QCW characteristics
7.1 Overview
This Chapter presents modelling results and optical measurements on the second dielectric
filter outlined in Chapter 6. Modelling results of a bullseye geometry design is presented
and analysis of the near and far fields generated by the geometry is given. Fabrication of
the geometry is described and SEM and optical microscopy images are presented along with
optical measurements of the design. Analysis of the wavelength sensitivity of quasicylindrical
waves (QCWs) is carried out. Finally an asymmetrical grating is analysed, with modelling
results and optical measurements presented.
7.2 Improved design
7.2.1 Bullseye design
The design discussed in Chapter 4 consisting of an aperture that is subwavelength (850nm)
along the x direction and 50μm in the y direction, created a highly divergent beam in the x
direction. The divergence was found to be greatly reduced by patterning a series of grooves on
the exit side of the device along the x axis. This was adequate as a proof of principle example
to show isolated QCWs can be employed to reduce the divergence from a subwavelength
aperture. The natural progression once proof of principle has been demonstrated is to move to
a geometry that could be used in potential practical applications. Here it would be desirable to
reduce the divergence of a beam passing through an aperture that is completely subwavelength
in the x-y plane. A fully divergent beam, which is diffracted in all directions by passing
through a subwavelength cylindrical aperture will be analysed.
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Figure 7.1: 2D slice through the bullseye grating structure used in FDTD simulations.
An FDTD model of a single cylindrical subwavelength aperture, with a diameter of 850nm,
through the fully dielectric bandpass filter described in Chapter 4 was created using Lumerical
FDTD. A plane wave propagates 1.5μm in free space before reaching the incident side of
the subwavelength cylindrical aperture. The incident radiation is scattered at the aperture’s
entrance, where standing waves are formed within the aperture before exiting at the far side,
where the resulting radiation is measured along the xy plane. The electric field intensity of
the far field, one metre from the exit side of the aperture is shown in Figure 7.2. The beam
is highly divergent is all directions on the xy plane due to the subwavelength diameter of the
cylindrical aperture, resulting in a classical ’half-sphere’ diffraction pattern. By patterning the
exit side with a concentric periodic grating the divergence in all directions can be reduced.
The resulting geometry resembles that of a dart board and for that reason will be referred to
as the bullseye grating from this point onward. A slice through the bullseye grating structure
is shown in Figure 7.1. The starting dimensions for; the first groove to aperture distance,
groove depth, groove width and number of grooves are taken from the optimized resonant
nanogrooves calculated in the 2D FDTD model in Chapter 4. This should be a good starting
approximation because the 3D FDTD bullseye grating model can be created by rotating the
2D FDTD resonant nanogrooves model about z axis by 180º.
Figure 7.3 shows the total magnetic field intensity along the surface on the exit side of the
aperture. By taking a snapshot of how the field looks on this plane, we can begin to understand
how the magnetic field associated with the QCW evolves as radiation propagates out of the
subwavelength aperture. We can see the effect of the source’s polarisation, with the magnetic
field amplitude much higher along the x direction, at y=0 than along the y-axis at x=0. The
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Figure 7.2: Electric field far field intensity of the cylindrical aperture. Plane wave source
wavelength 3.4μm.
Figure 7.3: Magnetic field along the filter surface for the bullseye grating simulation. Plane
wave source wavelength 3.4μm.
total magnetic field amplitude rapidly decays to 50% of the initial value as it exits the aperture
and travels along the x-y plane to the first groove, this is indicative of the strong influence of
QCWs at short distances. The magnetic field decay lessens as the wave travels from the first
groove, outwards all the way to the 10th groove, where the field is negligible.
The field radiated at the exit of the subwavelength aperture and by the grooves is shown in
Figure 7.4. This is known as the far field and represents the electric field intensity one metre
from the exit side of the aperture. Rather than the flat x,y plane used for representing the near
field, a hemispherical surface is used to represent the far field, this ensures a one metre distance
from the centre of the subwavelength aperture’s exit in all positive directions which allows for
direct comparison with how the electric field propagates at different angles. Figure 7.4 shows
up to 50º from the zeroth direction and illustrates that the exit beam is highly directional, with
the high intensity electric fields contained within 5º either side of the zeroth direction, rapidly
decays in amplitude to almost zero outside of 10º. In contrast to the highly divergent beam
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Figure 7.4: Electric field intensity of the far field for the bullseye grating simulation. Plane
wave source wavelength 3.4μm.
Figure 7.5: FWHM of the bullseye output beam for grooves (right) and aperture only (left).
Plane wave source wavelength 3.4μm.
shown in Figure 7.2.
The effect of the grooves on the far field can be seen in Figure 7.5. The FWHM is reduced
from 144.8º to 4.1º and the peak intensity of the beam increases dramatically.
7.2.2 Bull’s-eye fabrication
The optimized geometry was then patterned onto the second off-the-shelf mid-infrared di-
electric band pass filter sourced from Northumbria Optical Coatings limited, using a focused
ion beam (FIB). Two versions of the bullseye geometry were patterned on the filter; a fully
dielectric geometry and a variant with 50nm of gold coating the subwavelength aperture side-
walls. For the fully dielectric variant the fabrication process was identical to that of the first
filter which was described in Chapter 5, an SEM image of this geometry is shown in Figure
7.6. The geometry with metallised sidewalls used an updated fabrication method outlined in
Chapter 6.
Figure 7.7 shows optical microscope images of the filter after the PMMA photo-resist layer
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Figure 7.6: SEM image of the patterned bullseye grating
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Figure 7.7: Optical microscope images of the patterned bullseye grating
had been dissolved in acetone, lifting off the top layer of gold needed for imaging in the FIB.
The left image is the fully dielectric filter and shows a successful lift off. The right image is
the metallised sidewall variant, unfortunately the lift off process was unsuccessful and metal
remained on the filter surface. A full schematic of the filter can be found in Chapter 6, Figure
17.
After the lift off process was completed, the filter was placed in the measurement system.
100μm, 30μm, 10μm and 3μm alignment markers were used to minimise the laser’s spot size
incident onto the filter and identify the area in which the fully dielectric bullseye geometry was
located. A 100μm square area was raster scanned but no increase in transmission associated
with being incident upon the sub-wavelength aperture was found. The minimum repeatable
step size of the sample’s motorized stage was used (800nm) and the reflecting objective with
the highest numerical aperture (0.5) available was focusing light onto the sample. Without
knowing the intensity of light scattered by the exit side of the subwavelength aperture, up-
grades to the measurement system were not guaranteed to pick up a signal. Concluding that
no addition steps could be made in the time remaining, data acquisition of the one-dimensional
geometries was prioritised. Figure 7.8 shows the area of the filter occupied by the bullseye
grating, as shown, no increase in transmission was detected and the aperture of the bullseye
grating could not be located. This is likely due to imperfect fabrication, with either gold
blocking the entrance of the aperture or light not being confined by the aperture sidewalls.
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Figure 7.8: Sample xy scan in the area containing the bullseye grating. Source wavelength
3.4μm
7.3 Sensitivity
7.3.1 Wavelength sensitivity
The effect of the adding resonant nanogrooves around a subwavelength aperture has been
analysed for both the bullseye grating and the linear grating (Chapter 4). The sensitivity of the
design to wavelength change will be analysed here by observing changes to both the near and
far field at different frequency points. Unlike surface plasmon polaritons (SPPs), QCWs have
not been extensively studied and due to being a superposition of evanescent and propagating
waves it is not obvious how sensitive they may be to wavelength change. This analysis will
help gain insight to QCW wavelength sensitivity which will help with potential applications
to this design and any device that employs isolated QCWs as well as elucidate the physics of
the beam formation on the exit side of the filter.
The FDTD method is capable of sweeping over a large wavelength range in a single sim-
ulation making it a suitable method to carry out such analysis. The initial simulation started
with a broadband plane wave source with a wavelength span of 2.9μm to 3.9μm and the elec-
tromagnetic field on the exit side of the filter was recorded at 100nm wavelength intervals. The
magnetic field along the exit side surface is shown in Figure 7.9, the sensitivity to wavelength
change appears to decrease at longer wavelengths, shown with the longer wavelength having
a higher peak (ie. a smaller drop from the resonant peak) than the shorter wavelength. At
3.3μm the magnetic field drops off over a shorter distance, this drastic decrease in magnetic
field intensity occurs at 500nm from the aperture and the scattering from the grooves is greatly
diminished.
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Figure 7.9: Near field wavelength sweep.
Figure 7.10: Far field wavelength sweep.
The electric field intensity one metre away from the exit surface of the filter is shown
in Figure 7.10, the result of the fast drop off in magnetic field and low interaction with the
grooves seen in the near field is illustrated here. There is no meaningful collimation on the
exit side, hinting that the field along the exit side surface is not efficiently reradiated by the
grooves. The impact of these large differences to the near and far fields caused by changes in
the wavelength in 100nm steps show the device to be sensitive to wavelength changes. The
next step was to investigate the effects of smaller frequency changes. A smaller wavelength
range of 3.35μm to 3.45μm was studied with wavelengths steps reduced to 10nm.
Figure 7.11 shows the magnetic field along the exit surface, the smaller step size in wave-
length has resulted in good interaction with the grooves in the near field. As with the larger
step size, a larger shift away from the resonance magnetic field profile is seen at the smaller
wavelength, the field strength decreases faster before reaching the first groove.
Figure 7.12 shows the electric field intensity at a distance of 1m from the exit surface
of the filter. A smaller wavelength change of 10nm results is shift in maximal electric field
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Figure 7.11: Near field wavelength sweep.
Figure 7.12: Far field wavelength sweep.
intensity of 30% and 10% respectively, however the collimation effect is still present. It was
found at a shift of 25nm from the resonance wavelength the collimation effect was negligible.
This highlights that the light source needs to be carefully chosen, a source with a central
wavelength that is more than 25nm either side of its stated wavelength could result in no
collimation from the grating. This result also shows that QCW resonant structures require
high precision fabrication in order to interact with the field efficiently and collimate the beam.
7.4 Asymmetry
Following the large decrease seen in the magnetic field along the surface of the filter between
the aperture and the first groove, when small changes to incident wavelength were made,
changes in the aperture to first groove distance were investigated. Figure 7.13 shows the ge-
ometry being investigated. The aperture width, grating constant, groove width and groove
height were all kept constant and the optimised values found in Chapter 4 were used. The
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Figure 7.13: Asymmetric grating geometry
Figure 7.14: Asymmetric grating near field. Plane wave source wavelength 3.4μm.
aperture to first groove distance was investigated in a series of simulations using Lumerical
FDTD and it was concluded that having an offset of 1.92μm and 1.42μm respectively pro-
vided the changes to the near and far field needed to illustrate how vital this distance was to
collimation and to hopefully be able to measure the asymmetry with the optical measurement
system.
Figure 7.14 shows the magnetic field along the exit surface of the filter. The right side
of the figure has an aperture to first groove distance of 1.42μm and the left 1.92μm. The
two sides have very different magnetic field profiles, the field decreases much faster with the
larger aperture groove distance and interacts far less with the second groove onward. This
is contrasted with the smaller first groove distance side, where the field interacts with the
grooves more consistently, given that the grating constant is the same, this could be due to the
magnitude of the field after it passes the first groove.
Figure 7.15 shows how the electromagnetic field propagates in the first 200μm upon being
radiated from the exit side of the filter. The radiated field is stronger on the shorter first groove
distance side and the radiation patterns shows a clear asymmetry.
Figure 7.16 shows a 1D slice of the far field at the focal point of the output beam. The
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Figure 7.15: Asymmetric grating far field intensity. Plane wave source wavelength 3.4μm.
Figure 7.16: Asymmetric grating beam profile at focal point. Plane wave source wavelength
3.4μm.
FWHM is calculated to be 19.9μm and there is clear evidence of asymmetry. The red dotted
line in the figure denotes the central line (centre of the aperture), this shows that the beam has
been steered off centre, highlighting potential for beam steering. Expanding the calculation to
one metre away from the aperture, the centre of the beam is located at an angle of 0.5º left of
centre.
7.4.1 Asymmetry optical measurements
The asymmetry design was fabricated onto the second band pass filter sample, the modified
fabrication steps are given in Chapter 6. An SEM image of the geometry is shown in Figure
7.17.
The sample was then placed in the measurement system and laser’s spot size minimised
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Figure 7.17: Asymmetric grating SEM image, pre lift-off.
with the alignment markers adjacent to the asymmetry grating. The filter was then translated
in the xy plane until the grating aperture was found. The raster scan is shown in Figure 7.18.
The sample was then moved until the laser was incident upon the aperture entrance. The
sample was then fixed in position and the detector translated in the xy plane to collect the far
field radiation pattern, this was done for a wavelength range of 3.2μm to 3.6μm, in 50nm steps.
The resonant wavelength far field scan is shown in Figure 7.19. There is a noticeable area of
higher intensity to the right of the beam, which is supported the simulations discussed above.
The FWHM is measured to be 0.42mm at resonance, the FWHM does not vary significantly
over the wavelength range measured with the lowest values coming at either side of resonance,
3350nm and 3450nm measured two microns less than resonance. No conclusive evidence
of beam collimation was found but the high area of intensity over the the right side of the
measured far field beam is evidence that the grating was beaming asymmetrically.
7.5 Summary
In this chapter the modelling results of a bullseye grating were presented showing collimation
in the xy plane and fabrication results were shown. Unfortunately the bullseye grating was un-
able to be found by the optical measurement system. Analysis of the wavelength sensitivity of
the linear quasicylindrical wave geometry carried out and concluded that collimation can only
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Figure 7.18: Asymmetric grating sample xy scan. Source wavelength 3.4μm.
Figure 7.19: Asymmetric grating detector xy scan. Source wavelength 3.4μm.
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been observed for incident beams that are within 25nm of the resonance wavelength, limiting
potential applications for light sources with larger bandwidths. Modelling and optical results
for an asymmetric 1D slit grating were presented, highlighting the large effect the aperture to
first groove distance has on the output beam characteristics. The simulations showed poten-
tial for beam steering and although no collimation could be detected by the optical system,
evidence of an asymmetrical output beam was found.
Chapter 8
Conclusion and Future Work
8.1 Overview
The work presented in this thesis focuses on the development of a fully dielectric subwave-
length aperture groove structure optimised to collimate light in the mid-infrared by support-
ing quasicylindrical wave (QCW) propagation. The motivation behind implementing such a
structure is to provide an alternative to metallic aperture-groove structures that support sur-
face plasmon (SP) propagation to collimate light and change other beam characteristics such
as polarisation. When integrating such a structure onto an active device, depositing metal
is not desirable. An extra layer of insulation needs to be deposited to avoid a short circuit
and in some cases an additional insulation channel is needed to prevent the device from a
high malfunctioning rate [30]. These added fabrication steps increase costs and complexity of
manufacture. SPs also perform less optimally at longer wavelengths where losses are high. In-
creasing the power density output of light sources at these infrared wavelengths has numerous
applications including gas-sensing, free space communications and remote sensing [80].
8.2 Conclusions
Structures designed, modelled and fabricated in this project were integrated onto a commer-
cially available, fully dielectric mid-infrared band pass filter. To accurately model and op-
timise these structures, properties of the dielectric band pass filter had to be known. Cross
sections of the filter were etched using a focused ion beam (FIB) system to characterise the
filter. The filter was confirmed to be a 1D photonic crystal, consisting of alternating layers of
dielectric with high and low refractive indices and a cavity. The number of layers, thickness
of each layer and position of the cavity were identified and modelled using the transfer matrix
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method (TMM). These were fitted to known dielectric materials to develop a good approxi-
mation to the commercial available filter. The approximation consisted two dielectric stacks
separated by a cavity, using alternating layers of stibnite and chiolite. The modelled filter had
a total thickness of 13.1μm with a narrow band pass at 2.91μm. This design was recreated in
two dimensions and verified with the finite difference time domain ( FDTD) method.
The remainder of the simulations were carried out in Lumerical FDTD. A aperture-grating
structure was designed for a 3.4μm light source, made up of a 850nm slit aperture, surrounded
by a linear grating consisting of 10 slit grooves each side, of height 350nm and width 300nm.
The grating period was 3.4μm and aperture to first groove distance was 1.35μm. This structure
was contrasted against an isolated 850nm aperture and the grooves were found to decrease the
full-width half-maximum (FWHM) of the output beam from 129.8º (without grooves) to 4.1º
when the incident light had a wavelength of 3.4μm. This structure was further optimised using
a population based stochastic optimisation technique. The grating period and aperture width
were kept constant. The grooves width and aperture to first groove distance was reduced to
225nm and 1.28μm respectively and the groove height increased to 465nm. This resulted in
a further reduction of the output beam’s FWHM from 4.1º to 3.4º. Finally the model was
expanded to three dimensions and the reductions in FWHM confirmed. The simulations show
the potential for using QCWs to collimate mid-infrared light exiting a subwavelength aperture
The optimised geometry was then patterned onto the commercial fully dielectric mid-
infrared band pass filter using a focused ion beam (FIB). First the top surface of the filter
coated with a photo resist. The filter was spin coated with a 150nm layer of 950K A4 solution
of polymethyl methacrylate (PMMA). Then a 80nm layer of gold was thermally evaporated
on-top of the PMMA, this conducting layer was needed only during fabrication, to stop charge
build up during the patterning process. The optimised geometry was successfully patterned
onto the filter using the FIB alongside alignment markers, classical diffraction gratings and
two variants of the optimised geometry, for 3.2μm and 3.6μm incident light. The conducting
layer was then lifted off by dissolving the PMMA layer in acetone. These fabrication steps
successfully produced a fully dielectric and patterned filter within acceptable tolerances of the
designed and modelled geometry.
Optical measurements were performed on the patterned filter. Pre- and post-fabrication
transmission measurements were taken and showed no significant damage had been done to
the light blocking ability of the filter. Far field measurements of the classical diffraction grat-
ings were performed, and the resulting diffraction pattern compared to calculated values. Good
agreement was found between the calculated and measured far field, thus validating the optical
measurement system. Far field measurements were taken with the laser spot focused upon the
3.2μm, 3.4μm and 3.6μm QCW gratings. Analysis was performed, concluding that no mea-
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surable beam collimation had occurred and that light may be escaping through the sidewalls.
Simulations in Chapter 4 support this hypothesis, requiring a 50nm layer of perfect electrical
conductor (PEC) on the aperture sidewalls to confine the radiation within the aperture.
A second dielectric bandpass filter was patterned with changes to the fabrication method,
including 50nm of gold being deposited on the sidewalls of the subwavelength aperture. Op-
tical measurements were again performed and showed a 5μm decrease in the FWHM at reso-
nance, this result fell within the resolution of the optical system and thus was not conclusive
evidence of collimation.
Additional geometries were also patterned on the second filter, including a 2D ’bullseye’
structure. Simulations showed a reduction in FWHM of 144.8º to 4.1º throughout the xy plane
however the structure could not be found by the optical system and no far field measurements
could be performed. An asymmetrical 1D slit geometry was designed and modelled and anal-
ysis on the far field produced valuable insight to the coupling mechanics of the QCW on a
dielectric surface. Optical measurements were taken on the asymmetrical grating however no
collimation or asymmetry could be detected in the far field pattern. Lastly the sensitivity to
incident wavelength of the coupling geometry was investigated. Changes in wavelength of
100nm resulted in no collimation effects, wavelength changes needed to be within 25nm of
the resonant wavelength to have a reduction of the output beam’s FWHM. This suggests fab-
rication tolerances need to be within 25nm and the light source carefully chosen, with a small
bandwidth in order to interact with the geometry sufficiently to produce collimation.
In summary the FDTD models described in this thesis showed potential for fully dielectric
mid-infrared beam collimation, using QCWs, provided light could be confined within the
aperture. However experimental results were less conclusive with no collimation measured
in the fully dielectric filter and collimation within experimental error found in a second filter
(with 50nm of gold deposited on the aperture sidewalls).
8.3 Future Work
8.3.1 Confining light within the aperture
The potential for fully dielectric mid-infrared beam collimation has been demonstrated by
the modelling work presented in this thesis. To realise this potential, collimation needs to be
demonstrated in experiment. The key point to address is confining the light within the aperture.
In this work 1D photonic crystals were used in experiment, in the form of a dielectric band
pass filter. Light is only efficiently blocked in one plane and because light is scattered in all
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directions when incident upon the subwavelength aperture, the 1D photonic crystal fails to
confine light within the aperture. Dielectric waveguides would be an alternative approach to
confine the light in the subwavelength aperture. Although the challenges of integrating them
with the aperture made such an approach beyond the scope of this project, it could be addressed
in a future project. Perhaps a more commercial step would be to integrate structures designed
in this thesis on actives devices, such as those described in Chapter 1. Many of these devices
already contain dielectric waveguides and would only require the dielectric facet’s surface
directly patterned, assuming a fabrication method can be found which does not damage the
facet. Provided it works, this would also move the concept on in terms of technology readiness
level (TRL).
8.3.2 Commercial viability
For optical components not integrated into an active device, a dielectric waveguide could be
an expensive solution. A more cost effective alternative could be to incorporate a 3D pho-
tonic crystal. Recent advances in the field of metamaterials has demonstrated this can be done
in a cost effective and scaleable way, which would be ideal from a industrial standpoint for
stand alone optical components. Zhai et al embedded resonant polar dielectric micro-spheres
randomly in a polymeric matrix, demonstrating a 0.93 emissivity from the layer across the
8-13μm atmospheric window [84]. They demonstrated a high-throughput, economical roll-to-
roll manufacturing of the randomized glass polymer hybrid metamaterial, showing the com-
mercial viability of such a design. By carefully selecting the size and concentration of the
micro-spheres along with the materials for the both the micro-spheres and polymer, a highly
reflective, dielectric mid-infrared layer could be designed. This would have the ability to re-
flect light in all directions, confining the light to the aperture. An additional step needed here
for commercial viability would be a scaleable patterning method to fabricate the nanostruc-
tures needed for beam collimation. A variety of techniques for large-scale patterning of planar
structures are available ranging from deep UV lithography, to nanoimprint lithography and
soft lithography [50].
8.3.3 Beam characteristics
Finally further work into other desirable beam characteristics could be undertaken. Beam
steering, polarisation, Bessel beams and other special beams could be possible. Yu et al re-
ported multi beam emission and spatial wavelength demultiplexing of a semiconductor laser
by metallising and patterning the facet of a mid-infrared quantum cascade laser (QCL) [81].
This was achieved by exciting SPs on two gratings, with two different periods, on the same
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facet and resulted in the emission of two collimated beams in different directions. Such a de-
sign could be used in interferometry and holography. Dolev et al experimentally demonstrated
holographic beam shaping by forming free-space beams of arbitrary shapes from SP coupling
[12]. An accelerating Airy beam, a focused beam and a vortex beam were all demonstrated.
All these experiments could be attempted with QCW coupling on fully dielectric devices.
Given the superposition of evanescent and radiative components that make up a QCW, this
approach could deliver beam characteristics that SPs cannot.
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